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ABSTRACT
• The r a t e  erf v o l a t i l i z a t i o n  l o s s  o f  m agnesium  from  
c a s t - i r o n  m e l t s  c o v e r e d  w i t h  s l a g s  of- v a r i o u s  c o m p o s i t io n ?  
i s  i n v e s t i g a t e d / '  I t  i s  shown t h a t  t h e  . r a t e ;  o f  magnesium
'i—l o s s  i s  s i g n i f i c a n t l y  d e c r e a s e d  a t  - t e m p e r a t u r e s  up t o  1550  C
and  f o r  t im e s  up t o  30 m in u te s  when t h e  m e l t s  a r e  c o v e r e d
w i t h  c h l o r i d e _ s a l t - s i l i c o n  a l l o y  c o m p o s i te  s l a g s .  The i n -
\
c r e a s e d  m agnesium  r e t e n t i o n  r e s u l t s  i n  a  c o r r e s p o n d i n g  im ­
p ro v e m e n t  i n  t h e  g r a p h i t e  n o d u l a r i t y  o f  t h e  i n g o t  m ic r o -  
s t r u c t u r e .  The B a C l^ - S i  s l a g ,  a p p r o x i m a t e l y  50% o f  e a c h  
c o n s t i t u e n t ,  g i v e s  t h e  b e s t  r e s u l t s .  I t  i s  p o s t u l a t e d  t h a t
t h e  r e t a r d a t i o n  o f  t h e v r a t e  o f  m agnesium  l o s s  i s  th e  r e s u l t
■ >
o f  t h e  r e l a t i v e  s lo w  d i f f u s i o n  t r a n s p o r t  o f  m agnesium  t h r o u g h
■ -v, !
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C a s t  i r o n s  a r e  o f  t h r e e  g e n e r a l  t y p e s ; ,  w h i t e ,  g r a y  a n d  
n o d u l a r .  M o s t" o f  t h e  c a r b o n  i n  w h i t e  i r o n  i s  p r e s e n t  a s  c em e n t  i te > .  
(F.e^C) w h i l e  i n  g r a y  i r o n  a  l a r g e  p r o p o r t i o n  o f  t h e  c a r b o n  i s  
p r e s e n t ,  a's g r a p h i t e  i n  t h e  fo rm  o f  f l a k e s .  The c a r b o n  i n  n o d u l a r  
i r o n  i s  p r e s e n t  a s  g r a p h i t e  s p h e r o i d s  t h a t  do n o t  n o t  d i s r u p t  
t h e  c o n t i n u i t y  o f . t h e  f e r r i t e  (o £ - F e )  m a t r i x  a s  do g r a p h i t e  f l a k e s ,  
an d  so  t h e  s t r e n g t h  an d  d u c t i l i t y  o f  n o d u l a r  i r o n  i s  r e l a t i v e l y  
h i g h .  T h u s ,  n o d u l a r  i r o n  c a s t i n g s  c a n  r e p l a c e  s t e e l  c a s t i n g  f o r  
many a p p l i c a t i o n s  s i n c e  i t  h a s .  a  t e n s i l e  s t r e n g t h  c o m p a r a b le  t o  
p l a i n  ( lo w )  c a r b o n  s t e e l s .  O t h e r  f a v o r a b l e  p r o p e r t i e s  s u c h  a s  
h ig h  dam ping  c a p a c i t y  an d  good  m a c h i n a b i l i t y  f u r t h e r  a d v a n c e  t h e  
a p p l i c a b i l i t y  o f  n o d u l a r  i r o n .  T a b le  1 g i v e s  t h e  v a l u e s  o f  s e v e r a l  
e n g i n e e r i n g  p r o p e r t i e s  o f  c a s t - f e r r o u s  a l l o y s  f o r  com parison '* '.
N o d u la r  i r o n  i s  a l s o  known a s  d u c t i l e ' i r o n  o r  s p h e r o i d a l  
( g r a p h i t e  ( S . - G . )  i r o n .  T h i s  m a t e r i a l  was f i r s t  d i s c o v e r e d  by
H. M orrogh  o f  The B r i t i s h  C a s t  I r o n  R e s e a r c h  A s s o c i a t i o n  i n  1 9 4 8 .
He p r e s e n t e d  a  p a p e r  a t  t h e  1948  A n n u a l  M e e t in g  o f  A m e r ic an  Foun- 
drym en S o c i e t y  (AFS) e n t i t l e d  " P r o d u c t i o n  o f  N o d u la r  G r a p h i t e  
S t r u c t u r e s  i n  G ray  C a s t  I r o n s " ,  w h ic h  d e s c r i b e d  t h e  u s e  o f  t h e  
c e r iu m  t o  o b t a i n  t h e  s p h e r o i d a l  g r a p h i t e  s t r u c t u r e .  Soon a f t e r  
t h i s  a n n o u n ce m e n t  was made, i t  was f o l l o w e d  by  a n o t h e r  g i v i n g  
p a r t i c u l a r s  o f  t h e  magnesium, p r o c e s s  d e v e lo p e d  by I n t e r n a t i o n a l  
N i c k e l  L t d .  I n  m ost c o m m e rc ia l  a p p l i c a t i o n s  b o th  m agnesium  and
, 1
*
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*
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■ • t
< 1 ^r^pes no& ‘'1 4 ,0 0 0 ,0 0 0 -
, 6 0 ,0 0 0 e x h i b i t 2 0 , 0 0 0 ,0 0 0
V
■ ■
■ d e f i n i t e
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T a b le  1 .  C o m p a r iso n  o f  C as t ,  F e r r o u s  A l l o y s  
( a f t e r  J .  G e r in  S y l v i a 1 )
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c e r iu m  a r e  e m p lo y e d . ,  H ow ever, m agnesium  i s  t h e  l e s s  c . o s t l y  a n d  
, r a c ^ a | ^ e r s a t i l e  n o d u l a r i z i n g  a g e n t  t h a n  c e r iu m .
S in c e  t h e  i n t r o d u c t i o n  o f  n o d u l a r  i r o n ,  a  c o n s i d e r a b l e  
num ber o f  a d v a n c e s  h a v e  b e e n  made i n  f o u n d r y  p r a c t i c e  r e l a t i n g  
t o  t h i ^ ' - a a t e r i i a . l . H ow ever, t h e  m o s t  t r o u b l e s o m e  p ro b le m  - s t i l l  
r e m a i n i n g  i n  t h e '  p r o d u c t i o n  o f  n o d u l a r  i r o n  i s  t h e  l o s s  o f  m agnesium  
f ro m  t h e  m e l t  b y  v o l a t i l i z a t i o n .  The d e c r e a s e  o f  r e s i d u a l  m ag n e t  
s ium  c o n t e n t  w i t h  e l a p s e  o f  t im e  i s  c a l l e d  " f a d i n g " ,  w h ic h  r e s u l t s  
i n  a  c o r r e s p o n d i n g  d e c r e a s e  i n  t h e  d e g r e e  o f  " n o d u l a r i t y "  o f  t h e  
g r a p h i t e ,  i . e .  t h e  n o d u le  becom es i r r e g u l a r  (wormy) i n  sh a p e  a n d  
i s  r e f e r r e d  t o  a s  " v e r m i c u l a r "  g r a p h i t e .  The' g r a p h i t e  n o d u le  
u l t i m a t e l y  r e v e r t s  t o  a  f l a k e  fo rm  when t h e  r e s i d u a l  m agnesium
4
c o n t e n t  o f  t h e ' c a s t -  i r o n  f a l l s  t o  0 . 01^ *  o r  l o w e r .
. f  \
T h i s  i n v e s t i g a t i o n  was u n d e r t a k e n  w i t h  t h e  a im  o f  d e v e l o p i n g  
a  s u i t a b l e  s l a g  t h a t  w ou ld  p r e v e n t  o r  r e t a r d  m agnesium  f a d e  when 
a p p l i e d  t o  t h e  s u r f a c e  o f  m a g n e s iu m - in o c u la t e d  c a s t  i r o n  m e l t s .
/
S e v e r a l  s l a g  c o m p o s i t e s  w ere  s t u d i e d ,  and  t h e  m ost e f f e c t i v e  s l a g  
d e v e lo p e d  i s  a  c h l o r i d e  s a l t - s i l i c o n  a l l o y  c o m p o s i te  c o n t a i n i n g  
a b o u t  e q u a l  a m o u n ts  o f  b a r iu m  a n d / o r  c a l c iu m  c h l o r i d e  and  s i l i c o n  
o r  f e r r o s i l i c o n  a l l o y .  I t  r e m a in s  t o  d e t e r m i n e  by  i n - p l a n t  s t u d i e s  
t h e  e f f e c t i v e n e s s  o f  t h e  s l a g  an d  t h e  f e a s i b i l i t y  o f  i t s  u s e  i n  
c o m m e rc ia l  p r o d u c t i o n  o f  n o d u l a r  i r o n .
* A l l  c o n c e n t r a t i o n s  i n  wt?o
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I I .  LITERATURE REVIEW
A. P h a s e  D iag ram  o f  C a s t  I r o n
\  ✓ - ‘
\  ■
C a s t  i r o n  i s  e s s e n t i a l l y  a  t e r n a r y  i r o n - c a r b o n - s i l i c o n
a l l o y ,  and  a n  a c c u r a t e  r e p r e s e n t a t i o n  o f  t h e  a l l o y  s y s te m  w ould
r e q u i r e  p r e s e n t i n g  s e v e r a l  i s o t h e r m a l  an d  v e r t i c a l  s e c t i o n s  o f
t h e  t e r n a r y  p h a s e  d ia g r a m .  'H o w ev e r ,  f o r  o u r  p u r p o s e s  i t . i s
s u f f i c i e n t  and  more e x p e d i e n t  t o  show how t h e  b i n a r y  i r o n - c a r b o n
p h a s e  d ia g ra m  ( F i g .  1) i s  a f f e c t e d  by  t h e  s i l i c o n  c o n t e n t  p r e s e n t
i n  t y p i c a l  c a s t  i r o n s .  T h i s  i s  i l l u s t r a t e d  i n  F i g .  2 ,  w h ich  i s  a
s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  v e r t i c a l  s e c t i o n  th r o u g h  a n
2i r o n - c a r b o n - s i l i c o n  t e r n a r y  a t  3-5%  s i l i c o n  . The p r i n c i p a l
v-
e f f e c t  o f  t h e  s i l i c o n  i s  t o  t r a n s f o r m  t h e  i s o t h e r m a l  e u t e c t i c
an d  e u t e c t o i d  r e a c t i o n s  t o  t h r e e - p h a s e  f i e l d s  e x t e n d i n g  o v e r  a
; »
t e m p e r a t u r e  r a n g e  w h ic h  i n c r e a s e s  w i th  s i l i c o n  c o n t e n t .  I n  c a s t  
* % *
i r o n s  t h e  g r a p h i t e - c a r b i d e  r a t i o  a n d ' d i s t r i b u t i o n  i s  l a r g e l y  
d e t e r m i n e d  b y  t h e  e u t e c t i c  r e a c t i o n  w h ich  v a r i e s  d e p e n d in g  on  
t h e  t e m p e r a t u r e  a t  w h ic h  i t  o c c u r s .  I n  t h e  u p p e r  r e g i o n  o f  t h e  
t h r e e - p h a s e  f i e l d  c a r b o n  g e n e r a l l y  p r e c i p i t a t e s  a s  s t a b l e  g r a p h i t e ,  
. w h i l e  i n  t h e  l o w e r  r e g i o n  c a r b o n  may p r e c i p i t a t e  a s  g r a p h i t e  o r  
m e t a s t a b l e  i r o n  c a r b i d e  (Fe^G) d e p e n d in g  on t h e  s i l i c o n  c o n t e n t  
and  c o o l i n g  r a t e  t h r o u g h  t h e  t h r e e - p h a s e  r e g i o n .  I n  g e n e r a l  a  
h i g h e r  s i l i c o n  c o n t e n t  and  lo w e r  c o o l i n g  r a t e  p ro m o te  t h e  f o r m a t i o n  
o f  g r a p h i t e  ( g r a y  i r o n ) , w h i l e  l o w e r  s i l i c o n  l e v e l s  and  r a p i d  
s o l i d i f i c a t i o n  r a t e s  p ro m o te  c a r b i d e  f o r m a t i o n  ( w h i t e  i r o n ) .
J
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F i g .  2 .  A v e r t i c a l  s e c t i o n  of^ t h e  F e - C - S i  sy s te m  a t  
c o n s t a n t  3.5%  S i  c o n c e n t r a t i o n
(L: L i q u i d , ' y :  A u s t e n i t e ,  CX: F e r r i t e ,  G r: G r a p h i t e ,  
Ca: C a r b id e )  ( a f t e r  J .  E . H i l i a r d  a n d w .  S . Owen2 )
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S i l i c o n  a l s o  s i g n i f i c a n t l y  d e c r e a s e s  t h e  s o l u b i l i t y  o f  
c a r b o n  i n  i r o n  and  s h i f t g  t h e  e u t e c t i c  r e a c t i o n  t o  l o w e r  c a r b o n  
c o n c e n t r a t i o n s .  l a t t e r  c a n  be  e x p r e s s e d  by t h e  r e l a t i o n ^ :
E u t e b t i c  c a r b o n  fo =  ^.25>j -  0 .3 *  (% s i )  ............... (E q . 1)
w here  ^ . 25$ i s  t h e  e u t e c t i c  c o m p o s i t i o n  f o r  t h e  b i n a r y  i r o n - c a r b o n
i
s y s te m .  Thus f o r  a n  i r o n - c a r b o n - s i l i c o n  a l l o y  c o n t a i n i n g  a b o u t  
3 . 5^  s i l i c o n  t h e  e u t e c t i c  o c c u r s  a t  a b o u t  3 -1 # c a r b o n  a s  shown i n  
F i g .  2 .  '
> I n  g r a y  c a s t  i r o n  t h e  e u t e c t i c  g r a p h i t e  f l a k e s  c l u s t e r  
w i t h i n  th d "  e u t e c t i c  c e l l s .  The f l a k e s  may b f  l a r g e  o ^ s f a a l l ,  
a b u n d a n t  o r  s p a r s e ,  s t r a i g h t  o r  c u r l e d .  The s i f i o o r /  c o n t e n t  o f  
t h e  c a s t  i r o n  an d  c o o l i n g  r a t e  p l a y  a  m a jo r  r o l e  i n  d e t e r m i n i n g  
t h e  q u a n t i t y  a n d  m o rp h o lo g y  ok  t h e  g r a p h i t e  f l a k e s .  I n  n o d u l a r  
o r  d u c t i l e  c a s t  i r o n  t h e  g r a tp h i t e  n u c l e a t e s  and  grow s s p h e r o i d a l l y . 
The g r a p h i t e  n o d u le  c o u n t , / s i z e ,  an d  n o d u l a r i t y  ( s p h e r i c i t y )  d epend  
on c o o l i n g  r a t b y ^ s i l i coyi c o n t e n t ,  and  t h e  r e s i d u a l  m agnesium  
c o n t e n t  o f  t h e  c a s t  i r o n .
B. G r a p h i t e  N o d u l a r i z a t i o n  ( S p h e r o d i z a t i o n )
The s p h e r o i d a l  g r a p h i t e  s t r u c t u r e  o f  n o d u l a r  i r o n  i s  
p r o d u c e d  by  t h e  a d d i t i o n  o f  one  o r  m ore g r a p h i t e - s p h e r o d i z i n g  
a g e n t s  o f  w h ic h  m agnesium  i s  t h e  m o s t  commonly u s e d .  The p r o c e s s  
i s  c a l l e d  n o d u l a r i z a t i o n  an d  a  num ber o f  t h e o r i e s  h a v e 'b e e n  p o s t u ­
l a t e d  f o r  i t s  o c c u r r e n c e .  The f o l l o w i n g  a r e  b r i e f  d e s c r i p t i o n s
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o f  t h e  more commonly p ro p o sed , t h e o r i e s :
1 . )  Minimum s u r f a c e  f r e e  e n e r g y  t h e o r y ^ :
A m e l t  c o n t a i n i n g  c e r t a i n  s u r f a c e - a c t i v e  e l e m e n t s  h a s  a  low  
g r a p h i t e r m e l t  i n t e r f a c i a l  e n e r g y  a n d  w i l l  s o l i d i f y  t o  p r o d u c e  
f l a k e  g r a p h i t e .  When c e r t a i n  a l k a l i  m e t a l s  o r  a l k a l i n e  
e a r t h s ,  e . g .  m agnes ium , Eire a d d e d ,  t h e  g r a p h i t e - m e l t  i n t e r ­
f a c i a l  e n e r g y  i n c r e a s e s ,  a n d  when a  c r i t i c a l  i n t e r f a c i a l  
^ e n e r g y  v a l u e  i s  r e a c h e d ,  t h e  g r o w th  mode o f  t h e  g r a p h i t e  
c h a n g e s  t o  p r o d u c e  s p h e r o i d a l  s h a p e s  i n  sui a t t e m p t  t o  m in im iz e  
t h e  t o t a l  f r e e  e n e r g y  o f  t h e  s y s te m .
2 . )  S u r f a c e - a c t i v e  e le m e n t  g ro w th  t h e o r y ^ ’ p
I t  i s  h y p o t h e s i z e d  t h a t  p re d o m in a n t  c r y s t a l  g ro w th  n o r m a l l y  
o c c u r s  a l o n g  t h e  p o l e  o f  t h e  p l a n e  w i t h  t h e  l o w e s t  i n t e r ­
f a c i a l  energy , i n  c o n t a c t  w i t h  t h e  l i q u i d .  When s u r f a c e -  
a c t i v e  e l e m e n t s  a r e  a d s o r b e d  o n to  c e r t a i n  c r y s t a l l o g r a p h i c  
p l a n e s  ( b a s a l  o r  p r i s m )  o f  t h e  g r a p h i t e  l a t t i c e ,  t h e  i n t e r ­
f a c i a l  e n e r g y  of- t h e s e  p l a n e s  a r e  r e d u c e d .  For e x am p le ,  
s u l f u r  i s  a d s o r b e d  p r e d o m i n a n t l y  o n  t h e  p r i s m  p l a n e ;  t h e r e f o r e ,
r
i n  t h e  p r e s e n c e  o f  s u l f u r  t h e  p r i s m  p l a n e  e x h i b i t e d  t h e  l o w e s t  
i n t e r f a c i ' a l  e n e r g y  and  g r o w th  o c c u r r e d  a lo n g  t h e  p r i s m  p o le  
t o  p ro d u c e  f l a k e  g r a p h i t e .  I n  t h e  p r e s e n c e  o f  m agnesium , t h e  
b a s a l  g r a p h i t e  p l a n e  h a s  t h e  l o w e s t  i n t e r f a c i a l  e n e r g y  and  
g ro w th  o c c u r s  a l o n g  t h e  b a s a l  p o l e  t o  p ro d u c e  t h e  n o d u l a r  
g r a p h i t e  s h a p e s .
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3*) U n d e r c o o l in g  th eo ry * " :  —^
T h i s  t h e o r y  p o s t u l a t e s  t h a t  t h e  s p h e r o i d a l  g r a p h i t e  c a n
be p ro d u c e d  by u n d e r c o o l i n g  t h e  m o l t e n  i r o n  a s  w e l l  a s  by
? s t h e  i n t r o d u c t i o n  o f  m agnesium . ' 'B o l o t o v '  h a s  shown t h a t  i n
p u r e  i r o n  - c a r b o n - s i l i c o n  m e l t s ,  t h e  d e g r e e  o f  u n d e r c o o l i n g  
o b t a i n e d  i s  l e a s t  when g r a p h i t e  p l a t e l e t s  fo rm .  I t  i s  p r o p o s e d  
t h a t  f l a k e  g r a p h i t e  i n  n o rm a l  i n d u s t r i a l  c a s t  i r o n s  i s  due 
t o  t h e  p r e s e n c e  o f  s u l f u r  an d  o x y g e n ,  t h e s e  i m p u r i t i e s  p r e ­
v e n t i n g  a n y  s i g n i f i c a n t  u n d e r c o o l i n g  o f  t h e  m e l t  by r e d u c i n g  
t h e  g r a p h i t e - m e l t  i n t e r f a c i a l  t e n s i o n  a n d  a l s o  p r o d u c in g  • : 
(Fe,M n)S n u c l e i  f o r  t h e  g r a p h i t e  t o  c r y s t a l l i z e  o n :  I n
m o d i f i e d  i r o n ,  h o w e v e r ,  magnes'iupi re m o v e s  t h e  i m p u r i t i e s  
from  t h e  m e l t  a s  s t a b l e  i n s o l u b l e  com pounds (MgO, MgS) w h ic h  
do n o t  fo rm  c r y s t a l l i z a t i o n  c e n t e r s  f o r  g r a p h i t e .  T h u s ,  t h e  
m e l t  i s  p u r i f i e d  a n d  t h e  u n d e r c o o l i n g  r e q u i r e d  f o r  s p h e r o i d a l  
g r a p h i t e  f o r m a t i o n  i s  p ro d u c e d .
C . ' N o d u l a r i z e r s
G e n e r a l l y ,  t h e  m ost w id e ly  u s e d  n o d u l a r i z i n g  a g e n t  i s  a  
f e r r o s i l i c e f > ^ l s e  a l l o y  c o n t a i n i n g  5$ t o  9% m agnesium . N i c k e l -  
m agnesium  a l l o y s ,  w h ic h  a r e  more c o s t l y ,  a r e  n e x t  i n  o r d e r  o f  
u s a g e .  P u re  m agnesium  i s  r a r e l y  u s e d .
The m agnesium  c o n t a i n i n g  f e r r o s i l i c o n  (FeSiMg) n o d u l a r i z e r  
i s  f a v o r e d  i r^  t h e s i n d u s t r y  f o r  two p r i n c i p a l  r e a s o n s .  The f e r r o -
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s i l i c o n  i s  a n  e x c e l l e n t  c a r r i e r  f o r  t h e  h i g h l y  r e a c t i v e  m agnes ium ,
TJte c a l c u l a t e d  m agnesium  v a p o r  p r e s s u r e  i n  f e r r o s i l i c o n  a l l o y s  i s  
a  f u n c t i o n  o f  t e m p e r a t u r e  a n d  m agnesium  c o n c e n t r a t i o n  a s  shown
e r a t u r e  1500 C, t h e  m agnesium  v a p o r  p r e s s u r  o r  a  ->5*5# m agnesium
f e r r o s i l i c o n  w i l l  o c c u r  i n i t i a l l y  and  c o n t i n u e  u n t i l  i t  i s  s u f f i ­
c i e n t l y  m ixed  and  d i l u t e d  t h r o u g h o u t  t h e  c a s t  i r o n  m e l t , '  The 
v a p o r  p r e s s u r e  o f  p u r e  m agnes ium  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  i s  
g i v e n  i n  F i g .  4-, w h ic h  shows a  p r e s s u r e  i n  e x c e s s  o f  13 a tm o s p h e r e s  
a t  1500 C. T h i s  a c c o u n t s ,  f o r  t h e  v i g o r o u s  a c t i o n  o f  p u re  m agnes ium , 
o r  h i g h  m agnesium  c o n t e n t  f e r r o s i l i c o n s , when a d d e d  t o  l i q u i d  c a s t  
i r o n  m e l t s .  The r e l e a s e d  m agnes ium  v a p o r s  b u r n  when com ing i n  
c o n t a c t  w i t h  t h e  a tm o s p h e r e ,  g i v i n g  t h e  p y r o t e c h n i c s  f a m i l i a r  t o  
f o u n d r y  o p e r a t o r s .
D. M agnesium  Fade
I n  m o s t  f o u n d r y  o p e r a t i p n s  m agnesium  r e c o v e r y  i n  t h e  s p h e r o d i z i n g
a n d  t h e  m agnes ium  v a p o r  p r e s s u r e  i s  lo w e re d  t o  m a n a g e a b le  l e v e l s  
when i t  i s  p r e s e n t  i n . t h e  f e r r o s i l i c o n  i n  c o n c e n t r a t i o n s  b e lo w  1Q%
i n  F i g .  3- I t  i s  e v i d e n t  t h a t  a t  t h e  u s u a l  f  d r y  w o rk in g  te m p -
f e r r o s i l i c o n  a l l o y  e x c e e d s  one  a t m o s p h e r e .  Thus b o i l i n g  o f  t h e
M agnesium  f a d e  i s  t h e  t e r m  a p p l i e d  t o  t h e  v o l a t i l i z a t i o n  
l o s s  o f  m agnesium  f ro m  t h e  m e l t  and  t h e  c o n s e q u e n t  d e t e r i o r a t i o n  
o f  t h e  g r a p h i t e  n o d u le  s h a p e  f ro m  a  s p h e r o i d a l  t o  v e r m i c u l a r  o r  
u l t i m a t e l y  f l a k e  fo rm .  A t y p i c a l  m agnesium  f a d e  c u r v e  i s  g i v e n  
i n  F i g .  5 ,  w h ic h  shows a n  e x p o n e n t i a l  d e c a y  b e h a v i o u r  w i t h  t i m e .
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. t r e a t i q e r i t  r a n g e s  b e tw e e n  20 and  60 p e r  c en t"1' 0 . The am ount o f  * 
m agnesium  i n  n o d u l a r  i r o n  i s  i m p o r t a n t .  I f - t h e  l e v e l  i s  to o  
low  ( < 0 . 0 1 - 0 . 02%), p o o r  n o d u l a r i t y  o f  t h e  g r a p h i t e  r e s u l t s ,  and  
i f  t h e  m agnesium  c o n c e n t r a t i o n  i s  t o o  h i g h  ( ^ 0 . 12%), c a r b i d e  
f o r m a t i o n  i s  p ro m o te d .  A r e s id u a l^ m a g n e s iu m  c o n t e n t  o f  a b o u t
0 . 03 - 0 . 05% i s  g e n e r a l l y  a c c e p t e d  a s ' t h e  b e s t  ^com prom ise , s u b j e c t  
t o  t h e  k i n d s  an d  l e v e l s  o f  i m p u r i t i e s  p r e s e n t  i n  t h e  m e l t '1'1 .
I t  i s  e v i d e n t  f ro m  F i g .  5 t h a t  f o r  i n i t i a l  m agnesium  
a d d i t i o n s  o f - a b o u t  0 . 08% ( u s u a l  f o u n d r y  p r a c t i c e )  t h e  h o l d i n g  
t im e  o f  t h e  m e l t  p r i o r  t o  c a s t i n g  s h o u ld  n o t  e x c e e d  15  m in u te s  
i f  t h e  minimum r e s i d u a l  l e v e l ' o f  a b o u t  0 . 02% m agnesium  i s  t o  be 
o b t a i n e d .  I n  g e n e r a l ,  h o l d i n g  t i m e s  i n  f o u n d r i e s  a r e  k e p t  a s  
s h o r t  a s  p o s s i b l e ,  and  r a r e l y  e x c e e d  5 -  ?  m i n u t e s .
E . Foundry: P r a c t i c e  t o  Overcome t h e  Magnesium Fade P ro b lem
S in c e  t h e  i n t r o d u c t i o n  o f  m agnesium  a s  a  s p h e r o d i z i n g  
a g e n t  much e f f o r t  h a s  b e e n  e x p e n d e d  on  d e v i s i n g  a n  e f f i c i e n t  
an d  s a f e  m e th o d  o f  a d d in g  i t  t o  t h e  m e l t .  The more commonly 
u s e d  m e th o d s  i n  f o u n d r y  p r a c t i c e  a r e  a s  f o l l o w s  j
1 . )  Open L a d le  M ethod1 2 ,  1 3 :
The o p e n  l a d l e  m e th o d  i s  t h e  s i m p l e s t ,  b u t  g i v e s  t h e  l o w e s t  
m agnes ium  r e c o v e r y .  I n  t h \ s  m e th o d , m agnesium  i s  ad d ed  t o  
m e l t  by  p o u r i n g  o r  t a p p i n g  b a s e  i r o n  o v e r  a  m agnesium  a l l o y  
1 t h a t  h a s  b e e n  c h a r g e d  i n t o  t h e  b o t to m  o f  a n  o p en  r e c e i v i n g
with permission of the copyright owner. Further reproduction prohibited without permission
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l a d l e .  U s u a l l y  a l l  o f  t h e  m agnesium  a l l o y  i s  c h a r g e d  a t  
o n e t i m e ,  an d  t h e  c a s t  i r o n  m e l t  i s  p o u re d  o r  t a p p e d  o v e r  
t h e  m agnesium  a l l o y  a s  r a p i d l y  a s  p o s s i b l e .  Due t o  t h e  
s i g n i f i c a n t l y  lo w e r  d e n s i t y  o f  t h e  f e r r o s i l i c o n  a l l o y  c o n ­
t a i n i n g  t h e  m agnes ium , t h e r e  i s  c o n s i d e r a b l e  f l o t a t i o n  a n d ^  
e x p o s u r e  o f  t h e  n o d u l a r i z e r  t o  t h e  a t m o s p h e r e ,  r e & u l t i n g  i n  
s u b s t a n t i a l  o x i d a t i o n  l o s s e s .
2 . )  P lu n g i n g  M ethod1 2 ,  1 3 : ,
I n  t h i s  m e th o d  m a g n e s iu m - c o n ta in in g  a l l o y  i s  p l a c e d  i n  a  
r e f r a c t o r y  b e l l  and  f o r c e d  be low  t h e  m e l t  i n  a  p r e v i o u s l y  
f i l l e d  l a d l e .  T h i s  m ethod  y i e l d s  b e t t e r  m agnesium  r e c o v e r y  
t h a n  t h e  o p e n  l a d l e  p r a c t i c e  b e c a u s e  t h e r e  i s  v e r y  l i t t l e  
o r  no e x p o s u r e  o f  t h e  n o d u l a r i z e r  t o  t h e  a tm o s p h e r e  a t  t h e  
w o rk in g  t e m p e r a t u r e .  F o r  p r o p e r  p l u n g e r  d e s ig n *  a l l o y  
d e n s i t y  a n d  v a p o r  p r e s s u r e s  g e n e r a t e d  m u s t  be c o n s i d e r e c l ^ — 
and  s i n c e  d e n s i t y  and  m agnesium  c o n t e n t  o f  n o d u l a r i z e r  a l l o y s  
v a r y  w i d e l y ,  t h k - p l u n g e r  c a p a c i t y  i s  d e p e n d e n t  on  t h e  t y p e  
o f  n o d u l a r i z e r  a l l o y  s e l e c t e d .  *
3 - )  S andw ich  M ethod1^ ’ 1 ^ :
T h i s  m e th o d  em ploys  a  l a d l e  w i t h  a  b a s e  l i n i n g  o f  s u f f i c i e n t  
^ ^ . c k n e s s  t o  a l l o w  t h e  f o r m a t i o n  o f  a  r e c e s s  o r  p o c k e t  a s  
shown i n  F i g .  6 . I n t o  t h i s  p o c k e t  t h e  r e q u i s i t e  q u a n t i t y  o f  
m a g n e s iu m - b e a r in g  a l l e y  i s  p l a c e d  and  c o v e r e d  w i t h  s t e e l  
p u n c h in g s .  I n  t h i s  way t h e  r e a c t i o n  i s  c o n f i n e d  t o  t h e  b o t to m  
o f  t h e  l a d l e  w h ere  i t  o c c u r s  a t  a  r e d u c e d  r a t e  and  t e m p e r a t u r e .  
The m o l t e n  i r o n  e n t e r i n g  t h e  l a d l e  i s  d i r e c t e d  t o  t h e  s i d e
with permission of the copyright owner. Further reproduction prohibited without permission.
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away f ro m  t h e  d e p r e s s i o n  c o n t a i n i n g  t h e  a l l o y .
4 . )  Inm old  M ethod1 ^ :
•v
I n  t h i s  m ethod  t h e  d i s s o l u t i o n  r a t e  o f  n o d u l a r i z e r  i n  t h e  
i r o n  f lo w  i s  t h e  g o v e r n i n g  f a c t o r .  To s o l v e  t h e  p ro b le m  o f  
u n i f o r m  d i s s o l u t i o n ,  m a g n e s iu m - c o n ta in in g  f a r r o s i l i c o n  a l l o y  
i n  t h e  fo rm  o f  g r a n u l e s  i s  p l a c e d  i n  a  cham ber s u i t a b l y  
sh a p e d  t o  m a i n t a i n  t h e  d i s s o l u t i o n  r a t e  a p p r o x i m a t e l y  c o n s t a n t  
d u r i n g  p o u r i n g .  Good cham ber d e s i g n  s h o u ld  m ee t t h e  f o l l o w i n g  
r e q u i r e m e n t s :  i )  The cham ber s h p u l d  p e r m i t  a  r e g u l a r  i r o n  
f lo w  o v e r  t h e  a l l o y  t o  f a c i l i t a t e  i t s  g r a d u a l  d i s s o l u t i o n ,  
i i ) ’ Chamber d e s i g n  s h o u ld  be s u c h  t h a t  t h e  u n d i s s o l v e d  a l l o y  
r e s i d u e s  d r a g g e d  b y  t h e  i r o n  a n d  r e a c h i n g  t h e  c a v i t y \ a r e  
k e p t  t o  a  minimum. F u r t h e r m o r e w i £t i?/,i s  p r e f e r a b l e  to ^ w id e n  
t h e  s e c t i o n  o f  t h e  ' e n t r a n c e  -and t o  l o c a t e  t h e  e x i t  a t  a  l e v e l  
h i g h e r  t h a n  t h a t  o f  t h e  e n t r a n c e ;  The. e x i t  s e c t i o n  m ust be 
a t  l e a s t  1 0 #  s m a l l e r  t h a n  t h a t  o f  t h e  e n t r a n c e .  When p o s s i b l e ,
i
a t t e m p t s  a r e  a l s o  made t o  l o c a t e  t h e  o u t l e t  n o t  i n  l i n e  w i t h  
t h e  i n l e t  i n  o r d e r  t o  f o r c e  t h e  l i q u i d  i n t o  d e s i r e d  c i r c u l a -  • 
t i o n  on  t h e  a l l o y  b e f o r e  r e a c h i n g  t h e  e x i t .
F . I n o c u l a t i o n
* * f  .t
F o l l o w i n g  t h e  s p h e r o d i z i n g  o r  n o d u l a r i z i n g  t r e a t m e n t  t h e  c a s t  
i r o n  m e l t  i s  u s u a l l y  s u b j e c t e d  t o  a  t r e a t m e n t  known a s  " i n o c u l a t i o n " ,
•o*-
w h ic h  i s  t h e  a d d i t i o n  o f  ( u s u a l l y )  a  f e r r o s i l i c o n  a l l o y  c o n t a i n i n g  
s m a l l  a m o u n ts  o f  a lum inum  a n d  c a l c i u m .  Some i n o c u l a n t  a l l o y s
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a l s o  c o n t a i n  m agnes ium , vand i n  some f o u n d r i e s  t h e  s p h e r o d i z i n g  
a n d  i n o c u l a t i o n  p r o c e d u r e s  a r e  com bined  i n t o  one  s i n g l e  “ i n o c u ­
l a t i o n "  p r o c e d u r e .
' ' t *The m o s t . i m p o r t a n t  e f f e c t  o f ^ i n o c u l a t i o n  i s  t h e  g r a p h i t e  
n u c l e a t i n g  e f f e c t  i n  b o t h  g r a y  and  n o d u l a r  i r o n .  I n  g r a y  i r o n ,  
i n o c u l a t i o n  t r e a t m e n t  i n c r e a s e s  t h e  num ber o f  n u c l e i  i n  t h e  m o l t e n  
i r o n  a n d ,  t h e r e f o r e ,  c r e a t e s  a  l a r g e r  num ber o f  e u t e c t i c  c e l l s  
w i t h  t h e i r  c l u s t e r s  o f  g r a p h i t e  f l a k e s  a s  e x p l a i n e d  e a r l i e r .  I n  
a n y  g i v e n  volum e o f  c a s t  i r o n ,  t h e  l a r g e r  t h e  num ber o f  e u t e c t i c
c e l l s ,  t h e  s m a l l e r  i s  t h e i r  s i z e ,  and  t h u s  t h e  i n o c u l a t i o n  t r e a t -
\
m en t i s ,  a l s o  a  m eans o f  c o n t r o l l i n g  g r a i n  s i z e  and  d e n s i t y  o f  
s t r u c t u r e .  T h ese  c h a n g e s  a r e  a c c o m p a n ie d  by  a n  i n c r e a s e  i n  m echa­
n i c a l ,  p r o p e r t i e s  c o u p le d  w i t h  im p ro v ed  m a c h i n a b i l i t y .  I n  n o d u l a r '  
i r o n ,  i n o c u l a t i o n  t r e a t m e n t  i n c r e a s e s  t h e  g r a p h i t e  n o d u le  c o u n t  
a n d ,  t h e r e f o r e ,  d e c r e a s e s T j th e  n o d u le  s i z e .  F o r  b o t h  g r a y  a n d  
n o d u l a r  i r o n s ,  t h e  g r a p h i t e  n u c l e a t i n g  e f f e c t  o f  t h e  i n o c u l a t i o n  
p r o c e d u r e  e l i m i n a t e s  o r  d e c r e a s e s  t h e  am ount o f  c a r b i d e  fo rm e d .
G. I n o c u l a t i o n  M echanism  an d  I n o c u l a n t  A l l o y s
The i n o c u l a t i o n  m echan ism  h a s  n o t  b e e n  c l e a r l y  e s t a b l i s h e d ,  
p a r t i c u l a r l y  a s  i t  a p p e a r s  t o  be s p e c i f i c  t o  t h e  i n o c u l a n t  a l l o y
u s e d .  The commonly u s e d  i n o c u l ^ n t s  i n  f o u n d r y  i n d u s t r y  a r e
\
f e r r o s i l i c o n ,  a lum inum , c a l c i u m  s i l i c i d e ,  g r a p h i t e ,  z i r c o n i u m ,
c
and  c o m b in a t io n s  o f  a l l  o f  t h e s e .  S i l i c o n - b a s e d  i n o c u l a n t s  h ave
I
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r e c e i v e d  c o n s i d e r a b l y  more u s e  t h a n  o t h e r s .  I t  h a s  b e e n  r e p o r t e d  
t h a t  i n o c u l a n t s  b a s e d  on  s i l i c o n  a r e  e f f e c t i v e ' o n l y  when t h e y
c o n t a i n  s m a l l  am oun ts  o f  e l e m e n t s  s u c h  a s  c a l c i u m 1 ^ ,  a lum inum 1 ®, .
10  . 20  21  22  11 c e r iu m  , b a r iu m  o r  s t r o n t i u m  . C o le  . h a s  s u g g e s t e d  t h a t
c a l c i u m  and  alum inum  c a n  p ro d u c e  t i n y  a tom  c o m p le x es  w i t h i n  t h e  
m e l t ,  p e r h a p s  i n  a  c a r b i d e  fo rm  (CaC, A1C), upon  w h ic h  g r a p h i t e  
c a n  r e a d i l y  n u c l e a t e  a n d  g row . He showed t h a t  a d d i t i o n s  o f  9 9 .
p u r e  F e ,  S i  o r  F e S i  h a v e  no e f f e c t  on  i n c r e a s i n g  t h e  num ber o f
G' g r o w th  c e n t e r s .  However M o o r e ^  h a s  shown t h a t  p u r e  s i l i c o n  i s
a  p o t e n t  i n o c u l a n t ‘f o r  b o t h  f l a k e  g r a p h i t e  and  n o d u l a r  g r a p h i t e  
i r o n s  when a d d ed  t o  t h e  c a s t i n g  s p r u e ,  a l t h o u g h ,  l i t t l e  i n o c u l a ­
t i o n  i s  p r o d u c e d  when i t  i s  a d d e d  t o  m e t a l  i n  t h e  la d l^ ) .  I t  i s  
e v i d e n t  f ro m  t h e  ab o v e  t h a t  - i n o c u l a t i o n '  p r o c e d u r e  i n  f o u n d r i e s  
i s  b a s e d  m ore  o n . t h e  a r t  t h a n . s c i e n c e  o f  t h e  p r a c t i c e ,  and  o p t i ­
m i z a t i o n  o f  t h e  p r o c e s s  n e e d s  u n d e r s t a n d i n g  o f  t h e  m echanism  by
9
w h ic h  g r a p h i t e  n u c l e a t i o n  r e s u l t s .  F o r  t h e  p r e s e n t ,  i n o c u l a n t s
a r e  s e l e c t e d  t h r o u g h  c o n s i d e r a b l e  t r i a l  a n d  e r r o r ,  and  t h o s e  m ost
*
e f f e c t i v e  e x h i b i t  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :
1 . )  Slow f a d i n g  r a t e ,  t h u s  g i v i n g  c o n s t a n t  r e s u l t s  when a  s t a n d a r d  
a d d i t i o n  i s  u s e d .
2 . )  E n t e r  t h e  m o l t e n  i r o n  r e a d i l y  w i t h  no a d v e r s e  e f f e c t s  f ro m
♦
a n  o v e r a d d i t i o n .
3 .) P ro d u c e  maximum i n o c u l a t i o n  and  c h i l l  r e d u c t i o n  (minimum c a r b i d e  
f o r m a t i o n )  f ro m  minimum a d d i t i o n .
4 . )  L eav e  l i t t l e  r e s i d u e  w h ic h  i s  e a s i l y  rem o v ed .
5 .) R educe  s e c t i o n  s e n s i t i v i t y  ( c h i l l  f o r m a t i o n )  t o  a  minimum.
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The l a s t  p o i n t  a b o v e  h a s  r e f e r e n c e  t o  t h e  e x t r e m e  ch an g e
i n  p r o p e r t i e s  and  s t r u c t u r e  w h ic h  r e s u l t s N ^ e t w e e n  t h i n  and  t h i c k  
4s e c t i o n s  i n  u n i n o c u l a t e d  g r a y  c a s t  i r o n .  V ery  t h i n  s e c t i o n s  may 
become c h i l l e d  ( b r i t t l e  and  u n m a c h i n a b le ) w h i l e  t h e  t h i c k e r  s e c ­
t i o n s  may be  o f  s o f t  an d  o f  v e r y  low  s t r e n g t h .  A p r o p e r l y  i n o c u ­
l a t e d  g r a y  c a s t  i r o n  w i l l  n o t  show t h e s e  e x t r e m e s .
H. I n o c u l a n t  Fade
A n a lo g o u s  t o  t h e  m agnesium  f a d e  a  d e f i n i t e  i n o c u l a t i o n
2I4.
f a d e  h a s  b e e n  r e p o r t e d  by  H tu n  . D u r in g  and  im m e d ia te ly  a f t e r  
i n o c u l a t i o n ,  t h e  m e l t  i s  i n  a ' s u p e r - i n o c u l a t e d  s t a t e .  F a d in g  o f  
t h e  i n o c u l a t i o n  e f f e c t  b e g i n s  im m e d ia t e ly ,  r e d u c i n g  t h e  R em ain in g  
i n o c u l a t i o n  e f f e c t i v e n e s s  by  a p p r o x i m a t e l y  50% e v e r y  5 m in i l t e s .  
A f t e r  30 m in u t e s  t h e  s t r u c t u r e  o f  i n o c u l a t e d  g r a y  c a s t  i r o n  lo o k  
s i m i l a r  t o  t h a t  o f  u n i n o c u l a t e d  h e a t s ,  w h ich  i s  c h a r a c t e r i z e d  by  
h i g h  c a r b i d e / g r a p h i t e  r a t i o s .  H tu n  a l s o  showed i n o c u l a t i o n  f a d e  
o c c u r s  i n  n o d u l a r  g r a p h i t e  i r o n  ( s e e  F i g .  y ) .  The t r e a t e d  m e l t ,  
c o n t a i n i n g .  3-5/S C and  2.8% S i ,  was h e l d  a t  14-93 -  1538  C i n  a  
m a g n e s ia  c r u c i b l e .  The n o d u le  c o u n t  (w h ic h  i s  a  m e a su re  o f  t h e  
i n o c u l a t i o n  e f f i c i e n c y )  i s  d e c r e a s e d  w i t h  t h e  i n c r e a s e d  h o l d i n g  
t im e  a f t e r  i n p c u l a t i o n .  I n  t h i s  c a s e ,  o f  c o u r s e ,  t h e  d e c r e a s e d  
n o d u le  c o u n t  m ig h t  be  a l s o  c a u s e d  by t h e  l o s s  o f  m agnesium  d u r i n g  
h o l d i n g  a t  s u c h  a  h i g h  t e m p e r a t u r e  (14-93 -  1538 C) , a l t h o u g h  t h e  
m agnesium  l o s s  i s  g e n e r a l l y  a s s o c i a t e d  w i t h  t h e  l o s s  i n  n o d u l a r i t y .
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2 3Moore J r e p o r t e d  t h a t  f a d in g -  o f  t h e  e f f e c t  o f  f e r r o s i l i c o n  
i n o c u l a t i o n  i n  n o d u l a r  g r a p h i t e  i r o n  c a n  be m a rk e d ly  r e d u c e d  by
I
t h e  p r e s e n c ^ v o f  c e r iu m ,  e i t h e r  i n  t h e  i r o n  o r  d i s s o l v e d  i n  t h e  
i n o c u l a n t .  H ow ever, t h i s  e f f e c t  i s  n o t  c o n s i s t e n t ,  f o r  r e a s o n s  
n o t  y e t  d e t e r m i n e d .
I .  F o u n d ry  P r a c t i c e  t o  Overcome t h e  I n o c u l a n t  Fade P ro b le m  ' — \
• V \
I n  o r d e r  t o  c o u n t e r a c t  i n o c u l a t i o n  f a d e ,  s e v e r a l  m e th o d s  
b a s e d  on l a t e  i n o c u l a t i o n  h ave  b e e n  d e v e l o p e d ,  o f  whicl^ t h e  
f o l l o w i n g  a r e  t h e  m os t w id e l y  u s e d :  *
1 . )  I n s t a n t a n e o u s  L a d le  I n o c u l a t i o n  M ethod J \
I n  t h i s  m e th o d ,  c r u s h e d  f e r r o s i l i c o n  w h ich  i s  bo n d ed  w i t h  
a n  a q u e o u s  s o l u t i o n  o f  r ^ S i O ^  i s  c a s t  i n t o  r o d  s h a p e s  ^  The 
lo w e r  end  o f  t h e  s o l i d  i n o c u l a t i n g  r o d  r e s t s  on t h e  p o u r i n g  
l i p  o f  t h e  l a d l e  an d  d i s s o l v e s  i n  t h e  s t r e a m  o f  l i q u i d  i r o n  
t h r o u g h o u t  t h e  p o u r i n g  c y c l e  ( s e e  F i g .  8 ) .  The d i s s o l u t i o n  
r a t e  o f  t h e  i n o c u l a t i n g  r o d s  i s  d e p e n d e n t  on  p o u r i n g  tem p­
e r a t u r e  a n d  i r o n  f lo w  r a t e .
2 . )  Inm old  o r  I n s t a n t  I n o c u l a t i o n  M ethod2 ^ ’ 2 ^ ’ 2 ^:
I n  t h i s  m e th o d ,  t h e  i n o c u l a n t  i s  a d d ed  t o  m e l t  b y  p o u r i n g
ft
l i q u i d  i r o n  o v e r  g r a n u l a r  f e r r o s i l i c o n  a l l o y  t h a t  h a s  b e e n  
c h a r g e d  i n t o  t h e  b o t to m  o f  a  c h a m b e r .  A n a lo g o u s  t o  t h e  Jvjg- 
t r e a t m e n t  i n s i d e  t h e  m o ld , t h i s  m ethod  e l i m i n a t e s  f a d i n g ,  b u t  
i t  n e e d s  s u f f i c i e n t l y  l a r g e  a l l o y  ch am b er  an d  s u i t a b l e  c h o s e n  
a l l o y s  t o  a v o i d  t h e  i n c o r p o r a t i o n  o f  i n o c u l a n t  a l l o y  i n c l u s i o n s  
i n t o  t h e  c a s t i n g .
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I n o c u l a t i n g  Rod
P ig . '  8 . I n s t a n t a n e o u s  L a d le  I n o c u l a t i o n  
P r i n c i p l e  ( a f t e r  K a rsa y  a n d  R i d l e y  )
KV w
I
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J .  V a r i a b l e s  A f f e c t i n g  N o d u la r  I r o n  S o l i d i f i c a t i o n
N o d u la r  i r o n  i s  a  m u l t ic o m p o n e n t  a l l o y  sys tem ',  and  t h e r e f o r e  
h i g h l y  c o m p le x .  A c c o r d in g  t o  L o p e r 2 ^ an d  C o le 1 1 , t h e  m a jo r  p r o ­
c e s s i n g  v a r i a b l e s  a f f e c t i n g  b o th  t h e  d i s t r i b u t i o n  o f  g r a p h i t e  
and  m a t r i x  p r o p e r t i e s  o f  n o d u l a r  i r o n  a r e :
1 . )  b a s e  i r o n  a n a l y s i s
2 . )  r e s i d u a l s  p r e s e n t
3 - ) t e m p e r a t u r e  o f  n o d u l a r i z a t i o n .  an d  i n o c u l a t i o n
4 . )  p o u r i n g  t e m p e r a t u r e  a n d  s o l i d i f i c a t i o n  mode '
5 . )  c o o l i n g  r a t e  ( s e c t i o n  s i z e )
• B ase  i r o n  a n a l y s i s  u s u a l l y  r e f e r s  t o  t h e  p e r c e n t a g e  o f
c a r b o n ,  s i l i c o n ,  m a n g a n e se ,  p h o s p h o r u s  and  s u l f u r .  A low  s u l f u r  
c o n t e n t  o f  0 . 025% i s  d e s i r a b l e  s i n c e  s u l f u r  r e a c t s  s t r o n g l y  w i t h  
m agnesium  t o  fo rm  m agnesium  s u l f i d e  (MgS), t h u s  d i m i n i s h i n g  t h e  
am ount o f  f r e e  m agnesium  f o r  t h e  n o d u l a r i z a t i o n  p r o c e s s .  I t  i s
e s t i m a t e d  t h a t  a b o u t  0 . 0075% m agnesium  i s  s u b t r a c t e d  f rom  t h e
X 30m e l t  f o r  e a c h  0 . 01% s u l f u r  p re s e n t" ^  .
 ̂ The e f f e c t  o f  t h e  m a in  a l l o y i n g  e l e m e n t s  c a r b o n  an d  s i l i c o n ,  
and  t h e  i m p u r i t y  e le m e n t  p h o s p h o ru s  on  t h e  am ount o f  g r a p h i t e  
fo rm e d  a t  s lo w  c o o l i n g  r a t e s ,  s u c h  a s  i n  s a n d  m o ld s ,  c an  be e x ­
p r e s s e d  i n  t e r m s  o f  a n  e m p i r i c a l  c a r b o n  e q u i v a l e n t  (C .E .% ) r e l a t i o n
i . e .
^  C .E . =  C % -f (Si% +  P% )/3    (E q . 2)
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w h ich  shows t h a t  s i l i c o n  a n d  p h o s p h o r u s  have  a b o u t  one  t h i r d  t h e  
g r a p h i t i z i n g  p o w er  o f  c a r b o n .  E q u a t i o n  (2 )  may be u s e d ,  i n  e f f e c t ,  
t o  d e t e r m i n e  w h e t h e r  a  g i v e n  a n a l y s i s  i s  h y p o -  o r  h y p e r - e u t e c t i c ,  
w i t h  t h e  e u t e c t i c  a t  a b o u t  c a r b o n  f o r  t h e  p u r e  Fe-C  b i n a r y
s y s te m .  The p r i m a r y  p h a s e  c r y s t a l l i z i n g ,  i . e .  a u s t e n i t e  c r y s t a l s  
o r  g r a p h i t e  f l a k e s ,  and  t h e r e f o r e  ' t h e  m i c r o s t r u c t u r e  a n d  g r a p h i t e  
m o rp h o lo g y ,  i s  d e p e n d e n t  on  t h e  c a r b o n  e q u i v a l e n t .
The C .E . h a s  a n  e f f e c t  on  t h e  t o t a l  n o d u le  c o u n t  i n  n o d u l a r  
i r o n ,  an d  i r o n s  h a v in g  r e l a t i v e l y  lo w  G.E. v a l u e s  d e v e lo p  a n  
i n a d e q u a t e  num ber o f  g r a p h i t e  s p h e r o i d s .  F o u n d ry  e x p e r i e n c e  i n  
t h e  p r o d u c t i o n  o f  n o d u l a r  i r o n  h a s  d e m o n s t r a t e d  t h a t  i t  i s  e a s i e r  
t o  fo rm  s p h e r o i d a l  g r a p h i t e  a t  h i g h e r  C .E . v a l u e s ,  e . g . ,  t h e r e  a r e
a lm o s t  t w i c e  a s  many n o d u l e s  f o r  a  C.E^ o f  com pared  t o  a  C .E .
11  32o f  4-.2 f o r  a  2 in .. d i a m e t e r  b a r  . Shaw and  Watmoughv h a v e  shown
t h a t  w i t h  a  f i x e d  C .E . o f  a b o u t  h i g h e r  n o d u le  c o u n t s  w ere
o b t a i n e d  a t  a  h i g h e r  s i l i c o n  c o n t e n t  and  l o w e r ’ c a r b o n  c o n t e n t
r e g a r d l e s s  o f  s e c t i o n  s i z e .
yI f  t h e  C .E .  i s  to o  h i g h ,  h o w e v e r ,  t h e  n o d u l e s  may become 
so  l a r g e  t h a t  t h e y  w i l l  f l o a t ,  g i v i n g  r i s e  t o  s i g n i f i c a n t  g r a p h i t e  
s e ^ e g a t j p n  ( k i s h  g r a p h i t e )  t o  t h e  t o p  o f  a n  i n g o t  o r  c a s t i n g .
I n  a d d i t i o n ,  s i n c e  n o d u l e s  a r e  l a r g e r  a t  t h e  h i g h e r  C .E . l e v e l s  
t h e y  t e n d  t o  become u n s t a b l e  l e a d i n g  t o  ch u n k  and  v e r m i c u l a r  f o r m s .  
T h e r e f o r e ,  C .E . l e v e l s  s h o u ld  b e  m a i n t a i n e d  a t  a  l e v e l  low  enough  
t o  p r e v e n t  k i s h  g r a p h i t e  fo r m in g  b u t  h ig h  enough  t o  p r o d u c e  a
with permission of the copyright owner. Further reproduction prohibited without permission.
s u f f i c i e n t  n o d u le  num ber t h a t  c a r b i d e - f o r m a t i o n  i s  p r e v e n t e d  f o r
a l l  s e c t i o n  s i z e s .  L o p e r - ^  s t a t e d  t h a t  f o r  s e c t i o n s  g r e a t e r  t h a n
7 . 6  cm t h i c k n e s s  t h e  C .E . s h o u ld  be c o n t r o l l e d  a t  a  l e v e l  o f  4.3;fc
t o  4 .35% . w h i l e ^ s e c t i o n s  b e tw e e n  0 . 6 5  cm t o  7*6  cm t h i c k n e s s ,  a  
A
C..E. o f  4 .35%  t o  4 .70%  may be u s e d .  U s u a l l y ,  i n  o r d e r  t o  a c h i e v e  
t h i s  C .E . r a n g e ,  t h e  c a r b o n  c o n t e n t  o f  t h e  b a se  i r o n  i s  b e s t  h e l d  
,be lo w  3 . 90$ .
34 35Some s t u d i e s ^  ' h ave  shown t h a t  r e s i d u a l s  s u c h  a s  l e a d ,  
b i s m u th ,  a n t im o n y ,  a lu m in iu m , t i t a n i u m ,  s e l e n i u m ,  and  t e l l u r i u m ,  
i n  v e r y  s m a l l  a m o u n ts ,  have  a n  i n h i b i t i n g  e f f e c t  on t h e  f o r m a t i o n  
o f  t h e  s p h e r o i d a l  g r a p h i t e  s t r u c t u r e ,  a l t h o u g h  n o t  a l l  i n v e s t i g a ­
t i o n s  on t h e  e f f e c t  o f  r e s i d u a l  e l e m e n t s  a r e  i n  a g r e e m e n t .  A r s e n i c  
a n d  t i n  h a v e  a  p o w e r f u l  i n f l u e n c e  i n  c a u s i n g  t h e  f o r m a t i o n  o f  
p e a r l i t e  i n  i r o n s  w h ic h  w ould  o t h e r w i s e  c o n t a i n  s u b s t a n t i a l  am ount 
o f  f e r r i t e .  T h e r e f o r e ,  w h e th e r  a r s e n i c  o r  t i n  s h o u ld  be c o n s i d e r e d  
a s  s u b v e r s i v e  e l e m e n t s  d e p e n d s  o n  t h e  t y p e  o f  n o d u l a r  i r o n  r e q u i r e d .  
I f  t h e  a im  i s  t o  p r o d u c e  a  h ig h  s t r e n g t h  i r o n  w i t h  a  p e a r l i t i c  
m a t r i x  t h e s e  e l e m e n t s  may be i g n o r e d ,  b u t  i f  t h e  a im  i s  t o  p ro d u c e  
a  r e l a t i v e l y  s o f t  i r o n  o f  good  d u c t i l i t y ,  t h e n  t h e  am o u n ts  o f  t i n  
a n d  a r s e n i c  m u s t  be  k e p t  t o  a  minimum. The i n f l u e n c e  o f  c o p p e r  
i s  com plex  and  d e p e n d s  upon w h e th e r  t h e  i r o n  c o n t a i n s  s u b v e r s i v e  
e l e m e n t s  s u c h  a s  t i t a n i u m ,  i n  w h ic h  c a s e  e v e n  a s  l i t t l e  a s  1% 
c o p p e r  c an  c a u s e  t h e . f o r m a t i o n  o f  s u b s t a n t i a l  am ount o f  f l a k e  
g r a p h i t e  i n  o t h e r w i s e  n o d u l a r  i r o n .
>
I n  a d d i t i o n  i t  h a s  b e e n  fo u n d  t h a t  a  v e r y  s m a l l  am ount o f
9  „
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c e r iu m  i s  c a p a b l e  o f  n e u t r a l i z i n g  t h e s e  s u b v e r s i v e  e l e m e n t s .  T h i s  
u s e  o f  c e r iu m  e n a b l e s  p i g  i r o n s  t o  be u s e d  r e g a r d l e s s  o f  t h e i r  s u b ­
v e r s i v e  e l e m e n t  c o n t e n t .  D o n o h o ^  and  M o r r o g h ^  ( c f .  T a b le  2 ) g i v e  
t h e  maximum l e v e l s  a n d  h a isn £ u l l e v e l s  and  l e v e l s  wrtiich c a n  be n e u ­
t r a l i z e d  by. a d d i t i o n  o f  a b o u t  0 .0 2 #  c e r iu m .  I t  m us t be c l e a r l y  • 
s t a t e d  t h a t  r e s p o n s e  t o  a n y  n e u t r a l i z a t i o n  by  c e r iu m  d e p e n d s  n o t  
o n l y  on  q u a l i t y  o f  t h e  l i q u i d  i r o n  u s e d ,  b u t  a l s o  on  t h e  c o n d i t i o n s  o f  
c a s t i n g .  I t  i s  w e l l  known t h a t  a  n o d u l a r i z i n g  o r  i n o c u l a t i n g  a g e n t  
t h a t  w o rk s  v e r y  e f f e c t i v e l y  i n  one f o u n d r y  d o e s  n o t  p e r f o r m  a t  a l l
o» -
i n  a n o t h e r  f o u n d r y .
P r e v i o u s  s t u d i e s " 1''1' ’ ^  h a v e  d e m o n s t r a t e d  t h a t  m agnesium  
t r e a t m e n t  and  i n o c u l a t i o n  s h o u ld  be  a c c o m p l i s h e d  i n  t h e  t e m p e r a t u r e  
r a n g e  f rom  a b o u t  1*4-82 C t o  1510 C. I f  t h e  s p h e r o d i z i n g  and  i n o c u l a n t  
a l l o y s  a r e  a d d e d  a t  a  t o o  h i g h  a  t e m p e r a t u r e ,  t h e  e f f e c t i v e n e s s  
o f  n u c l e a t i n g  s u b s t r a t e s  i s  d i m i n i s h e d ,  w h ic h  ( i t  i s  p o s t u l a t e d )  i s  
a  r e s u l t  o f  t h e  a d s o r p t i o n  o f  o x y g e n ,  n i t r o g e n  o r  o t h e r  i m p u r i t i e s ,  _ 
r e n d i n g  them  i n a c t i v e .  I f  a d d e d  a t  to o  lo w  a  t e m p e r a t u r e ,  t h e  i n o -4 
c u l a n t  may n o t  c o m p l e t e l y  d i s s o l v e  and  r e a c t  w i t h  t h e  m e l t  c o m p o n en ts  
t o  fo rm  t h e  com plex  w h ic h  fo rm s  t h e  s u b s t r a t e  f o r  n u c l e a t i o n .
The h o l d i n g  t im e  f o r  a  M g - t r e a t e d  m e l t  a f t e r  i n o c u l a t i n g  i s  
" c r i t i c a l ,  e s p e c i a l l y  i n  s m a l l  h e a t s  ( l e s s  t h a n  200  l b s )  w here  r e a c t -  
i o n s  w i t h  t h e  a tm o s p h e r e  o c c u r  r e a d i l y . -  I n  a d d i t i o n  t o  t h e  f a d e  
p ro b le m ,  t h e  h o l d i n g  t im e  f o r  a n  i n o c u l a t e d  m e l t  a l s o  a f f e c t s  t h e  
g r a p h i t e  s t r u c t u r e .  Maximum i n o c u l a t i o n  e f f e c t  o c c u r s  im m e d ia t e ly
't *
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I n h i b i t i n g  Max. l e v e l  Hazsnful L e v e l  f o r  n e u t r a l i z a t i o n  
e l e m e n t s  % l e v e l  w i t h  0 .0 2 ^  Ce
L ead 0 . 0 0 2 0 . 0 1 0 .0 1 4
B ism u th 0 . 0 0 2 0 . 0 0  5 *' 0 . 0 0 6
A ntim ony 0 . 0 0 2 0 . 0 1 0 . ^ 5 ,
A lum in ium 0 .0 5 0 . 1 5 0 . 5 0
T i t a n i u m 0 . 0 5 0 . 0 8 0 . 1 5
S e le n iu m 0 .0 3 0 . 0 5 -
T e l l u r i u m 0 . 0 3 0 . 0 5 -
#Q?in 0 . 0 5 - -  N
A r s e n i c 0 . 1® - -
C opper* 1 . 0 - 2 . 0 - -
(* :  d e p e n d s  T>n t h e  am ount o f  o t h e r  t r a c e  e l e m e n t s  s u c h  a s  
t i t a n i u m , . . .  e t c . )
T a b le  2 .  Maximum L e v e l s  o f  I n h i b i t i n g  E le m e n t s  i n  M o d u la r  I r o n  
( a f t e r  Donoho-' a n d  M orrogh- '- 'j  .
%
2 9
a f t e r  t h e  a d d i t i o n  i s  made and  x^ecomes l e s s  w i t h  t h e  p a s s a g e  o f  
t im e '.  T h e r e f o r e ,  t h e  t r e a t m e n t  s h o u ld  b e  a p p l i e d  t o  t h e  m o l t e n  
i r o n  a t  a s  l a t e  a  s t a g e  a s  p o s s i b l e  p r i o r  t o  c a s t i n g .  G e n e r a l l y ,  
c a s t i n g  t e m p e r a t u r e s  n e a r  1480 C a r e  a  b e s t  com prom ise  b e tw e e n  
t h e  h i g h e r  t e m p e r a t u r e s  w h ich  r e d u c e  m agnesium  r e c o v e r i e s  an d  t h e  
lo w e r  t e m p e r a t u r e s  w h ich  y i e l d  more c a r b i d e  an d  p o o r l y  fo rm ed  
s p h e r o i d s .
I t  i s  w e l l -k n o w n  t h a t  r a p i d  c o o l i n g  and  s o l i d i f i c a t i o n
s i g n i f i c a n t l y  i n c r e a s e  n o d u le  c o u n t ,  a l t h o u g h  t h e r e  i s  a  l i m i t
* 3 7b e c a u s e  o f  c h i l l  c a r b i d e  f o r m a t i o n ,  A s k e la n d  and  G u p ta^  h av e
\
d e r i v e d  t h e  f o l l o w i n g  a p p r o x im a te  r e l a t i o n s h i p  b e tw e e n  t h e  s o l i ­
d i f i c a t i o n  r a t e  an d  t h e  n o d u le  c o u n t :
n o d u le  c o u n t  =  A m .....................................  (Eq- 3)
w here  A t  i s  t h e  s o l i d i f i c a t i o n  t im e  ( s e c o n d s )  t h r o u g h - t h e  e u t e c t i c ,  
and  A an d  m a r e  c o n s t a n t s .  G e n e r a l l y ,  c a s t i n g  w i t h  no mold i n o c u ­
l a t i o n  A a n d  m a r e  712 and  O. 3 6 7 5  r e s p e c t i v e l y ,  and  f o r  e f f e c t i v e  
i n o c u l a t i o n  ( e . g .  w i t h  t h e  m old i n s e r t ) ,  t h e  A and  m v a l u e s  a r e -  
c o r r e s p o n d i n g  i n c r e a s e d  t o  2035 an d  0.4-190 r e s p e c t i v e l y .
K. Image A n a ly s i s -  o f  N o d u la r  G r a p h i t e
To overcom e t h e  p ro b le m s  i n  v i s u a l  n o d u l a r i t y  d e t o r i g i n a t i o n ,  
a  q u a n t i t a t i v e  m e t a l l o g r a p h i c  a n a l y s i s  ( im age  a n a l y s i s )  h a s  b e e n  
i n v e s t i g a t e d  by  G a p e l e t t i  and  H ornaday -5® a s  a  m eans o f  o b t a i n i n g  
a  more o b j e c t i v e  e v a l u a t i o n  o f  g r a p h i t e  sh ap e  m o rp h o lo g y  and
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d i s t r i b u t i o n .  T hey  showed t h a t  s i g n i f i c a n t  v a r i a t i o n s  i n  
g r a p h i t e  s h a p e  w i t h i n  t h e  same 10  mm s q u a r e  c r o s s - s e c t i o n  o f
i
a  sam p le  r e q u i r e d  a n a l y s i s  o fr  15  d i f f e r e n t  a r e a s  w  a s s u r e ,  
w i t h i n  a  95#  c o n f i d e n c e  l e v e l ,  t h a t  t h e  t r u e  mean sh a p e  f a c t o r  
had  b e e n  d e t e r m i n e d .  Shape F a c t o r  ( S . F . )  o f  a  s i n g l e  g r a p h i t e  
p a r t i c l e  i s  d e f i n e d  by  C a p e l e t t i  an d  H o rn ad ay  a s  '
\
%
s  p  _  _________ A c t u a l  A re a  o f  G r a p h i t e  P a r t i c l e ___________
* A re a  o f  I m a g in a r y  C i r c l e  C i r c u m s c r i b i n g  P a r t i c l e  '*  '  r '  ' ’
The. s h a p e  f a c t o r ,  w h ic h  h a s  a r r a n g e  o f  z e r o  t o  o n e , . i s  f r t o e j e n d e n t  
o f  p a r t i c l e  s i z e  and  o r i e n t a t i o n .  A sh a p e  f a c t o r  a p p ro /a c h in g
j \
z e r o  w ould  be a p p l i c a b l e  t o  a  g r a p h i t e  f l a k e ,  w h i l e  a  sh ^ p e  
f a c t o r  o f  one d e n o t e s  a  p e r f e c t l y  s p h e r i c a l  n o d u le .
D e t e r m i n a t i o n  o f  a v e r a g e  s h a p e  f a c t o r  f o r  t h e  num erous
r
g r a p h i t e  p a r t i c l e s  p r e s e n t  i n  a  n o d u l a r  i r o n  sam p le  r e q u i r e s  
■» * -
u s e  o f  a n  im age  a n a l y z e r ,  s u c h  a s  a  q u a n t i t a t i v e  t e l e v i s i o n
1
m e t a l l o g r a p h ,  w h ic h  c a n  r a p i d l y  s c a n  a  s a m p l e . -  The a r e a  o f  t h e
/
i m a g in a r y  c i r c u m s c r i b e d  c i r c l e  m u s t  be  c a l c u l a t e d  f ro m  e i t h e r
o f  two g e o m e t r i c  p a r a m e t e r s ;  maximum h o r i z o n t a l  c h o rd  l e n g t h
* ^
o r  v e r t i c a l  i n t e r c e p t  l e n g t h ,  w h ic h  c a n  be u s e d  a s  e s t i m a t e s
o f  t h e  d i a m e t e r  o f  t h e  im a g i n a r y  c i r c l e .  O p e r a t i n g  e x p e r i e n c e  
* * 
h a s  i n d i c a t e d  t h a t  t h e  l a r g e r  o f  t h e s e  two p a r a m e t e r s  p r o d u c e s  '
t h e  l e a s t  e r r o r .
\ '
>
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I I I .  EXPERIMENTAL METHODS
A. P r e p a r a t i o n  o f  C r u c i b l e s  an d  M olds and  T e m p e ra tu re  
M easu rem en t
A l l  t h e  e x p e r i m e n t a l  h e a t s  w ere  made u s i n g  a  h i g h  f r e q u e n c y  
i n d u c t i o n  f u r n a c e  ( P h i l i p s ,  500 KH, 12 KVA). A p p r o x im a te ly  100
gm c h a r g e s  o f  b a s e  m e t a l  w ere  m e l t e d  i n  a  g r a p h i t e  c r u c i b l e .  The 
d im e n s io n s  o f  t h e  ^ g r a p h i t e  c r u c i b l e  a r e  shown i n  P i g .  9 . The 
l a r g e  h o l e  on  t h e  r i g h t  s i d e  i s  t h e  c r u c i b l e  c a v i t y  d e s i g n e d ~ f o r  
c h a r g i n g  t h e  m e t a l ,  n o d u l a r i z e r ,  a n d . t h e  i n o c u l a p t ,  an d  t h e  s m a l l
s h e a t h .  The t e m p e r a t u r e  was m e a s u re d  u s i n g  a  d i g i t a l  t e m p e r a t u r e  
i n d i c a t o r  ( D o r ic  400  T r e n d i c a t o r ) . The c r u c i b l e  c o u ld  e a s i l y  be 
m a i n t a i n e d  t o  £ 5  C &nd g e n e r a l l y  t o  ± 1  C o f  t h e  d e s i r e d ^ t e m p e r a ­
t u r e  (1 3 5 0 -1 5 5 0  C) f o r  up t o  30 m in u te s ,  o r  l o n g e r .  G l a s ^ o r  P y r e x  
t u b e s ,  a p p r o x i m a t e l y  16 mm i n  d i a m e t e r  w ere  u s e d  f o r  t h e  m o ld s .
The t u b e s  w e re  im bedded  i n  s a n d  ^ c o n t a i n e d  i n  a  s t e e l  c a n )  t o
j
p r o v i d e  s t r u c t u r a l  s t a b i l i t y  f o r  t h e  m o ld s  an d  a  m eans t o  c o n t r o l
t h e  c o o l i n g  r a t e .  F o r  f a s t  c o o l i n g  r a t e s  t h e  m e l t  was p o u re d  
i n t o  t h e  t u b e  m o ld s  im bedded  i n  room  t e m p e r a t u r e  s a n d ,  an d  f o r  
s^Low c o o l i n g  r a t e s  t h e  s a n d - im b e d d e d  g l a s s  t u b e  m old an d  r e c e p t ­
a c l e  v/as f i r s t  p r e h e a t e d  t o  450  C. F i g u r e s  1 0 a  a n d  10b  a r e  
p h o to g r a p h s  shown p o u r i n g  o f  t h e  m e t a l  an d  t h e  r e s u l t i n g  i n g o t  
~i ( a f t e r  re m o v a l  f ro m  t h e  g l a s s  t u b e  m o l d ) . A t y p i c a l  c o o l i n g  c u rv e
h o l e  on  t h e  l e f t '  s i d e  i s  th e  w e l l  d e s i g n e d  t o  t a k e
a  P t /p t -1 0 jg R h  th e r m o c o u p le ,  w h ic h  i s  p r o t e c t e d  w i t h  a  a lu m in a
J
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F i g .  9 .  The D im e n s io n s  o f  The G r a p h i t e
C r u c i b l e  .
r
<A






F i g .  1 0 .  '(a) P o u r in g  o f  t h e  m e t a l ,  an d  (b ) t h e
r e s u l t i n g  i n g o t  a f t e r  r e m o v a l  ?irom t h e  
g l a s s  t u b e  mold
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3^
o b t a i n e d  by a  s t r i p  c h a r t  r e c o r d e r  ( H e w le t t  P a c k a r d ,  100 j a v  
I n p u t  M odule-1?505A ) i s  shown i n  F i g .  1 1 . The c o o l i n g  r a t e  
f o r  t h e  f a s t  a n d  s low  s o l i d i f i e d  i n g o t s  m e asu re d  ( s l o p e  o f  t h e  
c o o l i n g  c u r v e  a t  p o i n t  A, s e e  A p p en d ix  1 )  a p p r o x i m a t e l y  4-0 C /s e c  
and  20 c / s e c  r e s p e c t i v e l y .
B. C h a r g in g  and  S t i r r i n g  P r o c e d u r e s
\
The i n c o r p o r a t i o n  o f  t h e  FeSiMg i n t o  t h e  m e l t  p r o v e d  t o  
be a  v e r y  f o r m i d a b l e  p ro b le m .  When t h e  FeSiMg was a d d ed  t o  t h e  
m e l t  w i t h o u t  a n y  p r o t e c t i v e  c o v e r ,  e x c e s s i v e  t u r b u l e n c e  and 
p y r o t e c h n i c s  r e s u l t e d  due t o  t h e  r a p i d  e f f u s i o n  o f  m agnesium  
v a p o r  and  i t s  o x i d a t i o n  on  c o n t a c t  w i t h  a i r .  I t  was fo u n d  t h a t  
s l i t t l e  o r  no m agnesium  was i n c o r p o r a t e d  i n t o  t h e  m e l t  e x c e p t
when m e a s u re s  w ere  t a k e n  t o  e l i m i n a t e  o r  m in im iz e  t h e  p y r o t e c h n i c  
a c t i o n  o f  t h e  FeSiM g. The p r o c e d u r e  u s e d  was a s  f o l l o w s :  4 gms 
o f  n o d u l a r i z e r  (FeSiMg) was p l a c e d  i n  t h e  b o t to m  o f  t h e  c r u c i b l e  
and  c o v e r e d  w i t h  gms b a r iu m  c h lo r id e *  (B aC l^) o r  c a l c iu m  c h l o r i d e  
(C a C lg ) .  The m agnesium  c o n t e n t  o f  t h e  n o d u l a r i z e r  a l l o y  was 
a p p r o x i m a t e l y  5 $ .  so t h a t  i n c o r p o r a t i o n  o f  a l l  o f  t h e  m agnesium  
i n t o  t h e  m e l t  w ou ld  g iv e  a n  i n i t i a l  m agnesium  l e v e l  o f  0 .2  
A p p r o x im a te ly  100 gms o f  c a s t  i r o n  was t h e n  p l a c e d  on t h e  s u r f a c e  
o f  t h e  s a l t - c o v e r e d  n o d u l a r i z e r  an d  t h e  c r u c i b l e  t h e n  h e a t e d  
u n t i l  t h e  c a s t  i r o n  m e l t e d  (1250 C-1300 C ) . By t h i s  p r o c e d u r e  
t h e  s a l t  l i q u i f i e s  w e l l  i n  a d v a n c e  o f  t h e  n o d u l a r i z e r ,  s i n c e  
t h e  m e l t i n g  p o i n t s  o f  B a C ^  an d  C a C ^  a r e  963  C a n d 762 G
. . ;




F i g .  1 1 . A T y p i c a l  C o o l in g  Curve 
(Slow C o o l in g  R a te )
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r e s p e c t i v e l y ,  co m p ared  t o  a b o u t  1180 C f o r  t h e  FeSiMg a l l o y .
The l i q u i d  c h l o r i d e  s a l t  p r o v i d e s  a  p r o t e c t i v e  s u r f a c e  c o v e r  
o v e r  t h e  d e n s e r  FeSiM g, p r e v e n t i n g  a n y  c o n t a c t  o f  t h e  FeSiMg 
w i t h  a i r .  The s u b s e q u e n t  m e l t i n g  o f  t h e  d e n s e r  c a s t  i r o n  r e s u l t s  
i n  i t s  s i n k i n g  an d  m in in g  w i t h  t h e  m o l t e n  FeSiM g, a l l  t h e  w h i l e  
d i s p l a c i n g  t h e  m o l t e n  s a l t  t o  t h e  s u r f a c e  due  t o  i t s  s u b s t a n t ­
i a l l y  lo w e r  d e n s i t y ,  t h u s  c o n t i n u a l l y  p r o v i d i n g  t h e  b a t h  p r o ­
t e c t i o n  a g a i n s t  t h e  a tm o s p h e r e .  The m o l t e n  a l l o y  was t h e n  
b r i e f l y  s t i r r e d  w i t h  a  t h i n  g r a p h i t e  r o d  t o  e n s u r e  t h a t  a l l  o f  
t h e  m agnesium  was i n c o r p o r a t e d  i n t o  t h e  m e l t .  F o l lo w in g  s t i r r i n g ,  
t h e  r e q u i s i t e  am ount (2  t o  4  gms) o f  s l a g  p o w d e r ,  c o m p r is e d  o f  
a  c h l o r i d e  s a l t - s i l i c o n  a l l o y  c o m p o s i t e ,  was c h a r g e d  o n to  t h e  
s u r f a c e  o f  t h e  m e l t ,  w h ic h  o n  m e l t i n g  s p r e a d e d  u n i f o r m l y  a c r o s s  
t h e  m e l t  s u r f a c e  t o  p r o v id e & th e  m o l t e n  s l a g  l a y e r  f o r  m agnesium  
f a d e  p r o t e c t i o n .  The m agnesium  i n o c u l a t e d  and  s l a g  c o v e r e d  
m e l t  was t h e n  r a i s e d  t o  t h e  d e s i r e d  t e m p e r a t u r e  by  a d j u s t i n g  
t h e  pow er i n p u t ,  h e l d  a t  t e m p e r a t u r e  f o r  t h e  r e q u i r e d  t i m e ,  an d  
t h e n  p o u r e d .  The ab o v e  a l l o y  p r e p a r a t i o n  t e c h n i q u e  r e s u l t e d  
i n  t h e  i n c o r p o r a t i o n  o f  a b o u t  40 t o  60$  o f  t h e  m agnesium  c h a r g e d  
i n t o  t h e  m e l t ,  g i v i n g  a n  i n i t i a l  r e s i d u a l  m agnesium  l e v e l  i n  
t h e  i n g o t s  o f  a b o u t  0 .0 8  t o  0 .1 2 $ .  E ach  i n g o t  was exam in ed  
m e t a l l o g r a p h i c a l l y  and  t h e n  c h e m i c a l l y  a n a l y z e d  f o r  r e s i d u a l  
m agnesium  ( D e t r o i t  T e s t i n g  L a b o r a t o r y  L n c . ) .
/
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I V .  RESULTS ARE D IS C U S S IO N  '
A. C o m p o s i t io n  o f  B ase  I r o n s .  I n o c u l a n t . N o d u l a r i z e r  an d  S l a g s
The t h r e e  b a s e  i r o n s  u s e d  i n  t h i s  i n v e s t i g a t i o n  a r e
d e s i g n a t e d  as* (a )  F o rd  m a t e r i a l ,  (b )  J i e n d i x  m a t e r i a l ,  and  ( c )
Hanna m a t e r i a l .  The F o r d  m a t e r i a l  ( c r a n k s h a f t  s p r u e s )  was u s e d  
o  -
f o r  m os t o f  t h e  t e s t s ,  an d  t h e  o t h e r  m a t e r i a l s  w ere  u s e d  i n  
o n l y  a  few t e s t s  t o  d e t e r m i n e  t h e . e f f e c t  o f  c o m p o s i t i o n  on  t h e  
r a t e  o f  m agnesium  f a d e .  The B en d ix  m a t e r i a l  i s  h i g h  i n  s u l f u r  
a n d  was g e n e r a l l y  d i f f i c u l t  t o  n o d u l a r i z e ,  i n d i c a t i n g  t h a t  much 
o f  t h e  f r e e  m agnesium  was l o s t  t o  t h e  m e l t  due  t o  i t s  r e a c t i o n  
w i t h  s u l f u r .  The c o m p o s i t i o n s  o f  t h e  m a t e r i a l s ,  d e t e r m in e d  
♦ s p e c t r o g r a p h i c a l l y  by  D e t r o i t  T e s t i n g  L a b o r a t o r y  I n c . ,  a r e  g i v e n  
i n  T a b le  3* T a b le  4  a n d  5 g i v e  th e '  c o m p o s i t i o n s  o f  n o d u l a r i z e r ,  
i n o c u l a n t ,  an d  t h e  s l a g s  u s e d .  The s l a g s  a r e  c h l o r i d e  s a l t -  
s i l i c o n  a l l o y  pow der c o m p o s i t e s .  Some o f  t h e  s l a g  c o m p o s i te s  
w ere  f i r s t  f u s e d  a t  1 5 0 0 - 1 3 5 ° C and  t h e n  p o w d e re d ,  w h i l e  o t h e r s  
w ere  p r e p a r e d  b y  m ix in g  r e q u s i t e  am o u n ts  o f  p o w d ers  o f  t h e  
c h l o r i d e  s a l t  an d  s i l i c o n  a l l o y s .  The f u s e d  s l a g s  w ere  exam ined  
by  X - r a y  d i f f r a c t i o n  t o  d e t e r m in e  i f  an y  r e a c t i o n s  o c c u r  b e tw e e n  
t h e  c h l o r i d e  s a l t  and  s i l i c o n  a l l o y  a t  m e l t  t e m p e r a t u r e s .
B. X - r a y  D i f f r a c t i o n  A n a ly s e s  o f  S l a g s
A
X -ra y  d i f f r a c t i o n  a n a l y s e s ,  u s i n g  CuK^ r a d i a t i o n ,  were
37
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3 8
E le m e n t F o rd  m a t e r i a l
r
B e n d ix  m a t e r i a l Hanna m a t e r i a l
C arb o n 3 .4 6 4 3 -3 7 6 3 .5 9 2
Pho sp h o 'ru s 0 .0 1 8 0 . 0 8 8 < 0 .0 2 4
■» '
S u l f u r  v • 0 . 0 1 2 0 .1 2 4 0 . 0 1 2
M anganese 0 . 5 5 0 . 6^ 0 . 6 2
S i l i c o n 3*1 2 .9 3 -0  •
M agnesium 0 . 0 2 5 < 0 . 0 0 1 0 . 0 0 8
Chromium 0 . 1 0 0 . 0 2 0 . 1 1
Molybdenum < 0 . 0 5 < 0 . 0 5 < 0 . 0 5
N i c k e l 0 . 0 8 0 . 0 2 0 . 0 5
Vanadium < 0 . 0 1 0 . 0 1 < 0 . 0 1
C o p p er 0 . 1 6 0 . 1 3 0 . 2 3
T i t a n iu m 0 . 0 3 j  0 .0 4 0 . 0 3
Aluminum 0 . 0 1 < 0 . 0 1 0 . 0 1
' T a b ie  3* C o m p o s i t io n  6 f  B ase I r o n s  (wt%)






* Mg# - 4.75-6.25 .
Ca# 0 .5-1 .5, -
Al# - -
Ce# - 0 .3 0
Fe# Balance Balance
T a b le  4. C o m p o s i t io n  o f  I n o c u l a n t  and  
N o d u l a r i z e r
\  *


















S l a g
No.
I  




I I - 2  
I I - 3  
1 1 -4  
I I - 5  
I I - 6  
I I - ?  
I I - 8
























T a b le  5.













I n o c u .  Comment
% ._________________________
f u s e d  (1 5 0 0 -1 5 2 0  C) 
f u s e d  (1 2 0 0 -1 2 5 0  C)
f u s e d  (1 5 0 0 -1 5 2 0  C) 
— "
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p e r f o r m e d  on s l a g s  H ,  I I - 3 »  1 1 -1 3  a n d  I I - 1 6  t o  d e t e r m in e  i f  
any  r e a c t i o n s  o c c u r r e d  b e tw e e n  t h e  B aC l^  an d  t h e  s i l i c o n  a l l o y  
c o n s t i t u e n t  a t  m e l t  t e m p e r a t u r e s .  S l a g s  I I  (50#  B aC l2 - 50#  "FeSiMg) 
and  I I - 1 6  (50#  B aC l2 - 5 0 #  S i ) ,  w h ic h  w ere  f i r s t  f u s e d  a t  1500 -  
1520 C, and  t h e n  p o w d e red ,  c o n t a i n  t h e  same com p o n en ts  a s  n o n - f u s e d  
s l a g s  I I - 3  (50#  B aC l2 - 3 7 . 5 #  FeSiM g- 1 2 .5 #  F e S i 2 ) and  1 1 -1 3  ( 90# 
B aC l2 ~10# S i )  r e s p e c t i v e l y .  T h u s ,  i f  a n y  compounds fo rm ed  
d u r i n g  f u s i n g ,  t h e s e  s h o u ld  become e v i d e n t  on c o m p a r in g  t h e  
d i f f r a c t i o n  p a t t e r n s .  The d i f f r a c t i o n  r e s u l t s  a r e  g i v e n  i n  
A p p en d ix  2 .  The d i f f r a c t i o n  t r a c e  f o r  p u r e  s i l i c o n  p ow der i s  
a l s o  g i v e n  f o r  t h e  c o n v e n ie n c e  o f  i d e n t i f y i n g  t h e  s i l i c o n  p e a k s  
i n  s l a g s  I l f -1 3  a n d  I I - 1 6 .
I n  g e n e r a l ,  t h e  d i f f r a c t i o n  p a t t e r n s  f o r  t h e  f u s e d  an d  
n o n - f u s e d  s l a g s  w ere  e s s e n t i a l l y  s i m i l a r ,  i n d i c a t i n g  t h a t  t h e r e  
was l i t t l e ,  i f  a n y , r e a c t i o n  o f  t h e  c h l o r i d e  s a l t  w i t h  t h e  s i l i c o n  
a l l o y  c o n s t i t u e n t .  The o n l y  s i g n i f i c a n t  ch an g e  t h a t  o c c u r r e d ,
j
b o t h  i n  t h e  f u s e d  a n d  n o n - f u s e d  s l a g s ,  Swas t h e  h y d r a t i o n  o f  t h e  
c h l o r i d e  s a l t s .  S e v e r a l  p e a k s  a p p e a r e d  w h ich  c o u ld  be r e l a t e d  
t o  d i f f e r e n t  fo rm s  o f  h y d r a t e d  B aC l2 (B aC l2 *H20 ,  B aC l2 *2H20 ) ,  
and  w hose i n t e n s i t i e s  i n c r e a s e d  w i t h  t im e  a s  m i ^ i t  be  e x p e c t e d .
C. Image A n a l y s e s :  D e t e r m i n a t i o n  o f  N o d u l a r i t y ,  N odule  C ount 
and  N o d u l a r i z a t i o n  In d e x
The im age a n a l y s i s  c o m p u te r  p r i n t o u t  d a t a  a r e  t a b u l a t e d
with permission of the copyright owner. Further reproduction prohibited without permission.
I
. <
i n  A p p e n d ix  3 . S p ec im en s  w ere  a n a l y ^ d  i n  t h e  p o l i s h e d  and
i
u n e tc h e d  c o n d i t i o n  f o r  p a r t i c l e  num b er,  p a r t i c l e  s i z e  ' d i s t r i ­
b u t i o n  and  p a r t i c l e  m in/m ax d i a m e t e r  d i s t r i b u t i o n .  The abo v e  
p a r a m e t e r s  w e re  a v e r a g e d  f ro m  5 d i f f e r e n t  a r e a s  o f  e a c h  s a m p l e , 
g i v i n g  a  t o t e d  a n a l y z e d  a r e a  o f  2 . ^ 5  mm p e r  i n g o t .  The r e s u l t s  
f o r  a l i  t h e  i n g o t s  c a s t  a r e  su m m arized  i n  t a b u l a r  fo rm  i n  
‘A p p e n d ix  4 .  '
%
The c o m p u te r  p r i n t o u t  d a t a  o f  A p p en d ix  3 shows a  c o n s i d e r ­
a b l e  v a r i a t i o n  i n  t h e  s t a n d a r d  d e v i a t i o n s  f o r  t h e  p a r t i c l e  
c o u n t s  p e r  f r a m e ,  some a s  h i g h  a s  50%* F d r  many i n g o t s  t h e  
s t a n d a r d  d e v i a t i o n  f o r  t h e  p a r t i c l e  c o u n t  iS-^Iqw an d  e s s e n t i a l l y  
z e r o .  T h i s  i n d i c a t e s  t h e  d e p e n d e n c y  o f  g r a p h i t e  m o rp h o lo g y -a n d  
d i s t r i b u t i o n  i n  n o d u l a r  i r o n s  on  t h e  o p e r a t i n g  v a r i a b l e s  su ch  
a s  c a s t i n g  t e m p e r a t u r e ,  c o m p o s i t i o n ,  m agnesium  c o n t e n t ,  an d  t h e  
c o o l i n g  r a t e  t h r o u g h  t h e  e u t e c t i c  r a n g e .  The l a t t e r  i s  o f  
p a r t i c u l a r  s i g n i f i c a n c e  when c a s t i n g  s m a l l  i n g o t s  a s  i n  t h e  
p r e s e n t  i n v e s t i g a t i o n ,  f o r  t h e  c o o l i n g  r a t e  w i l l  v a r y  c o n s i d e r a b l y  
t h r o u g h o u t  t h e  i n g o t  d e p e n d in g  o n - t h e  p o s i t i o n ,  an d  t h e r e f o r e
t h e  n o d u le  f r e q u e n c y  a n d ' d i s t r i b u t i o n  w i l l  c o r r e s p o n d i n g l y  be
\  ’ 
v k r i a b l e .
V
"• tThe n o d u l a r i t y  c a n  be  r e l a t e d  t o  a  mean m in /m ax  d i a m e t e r  
r a t i o  f o r ^ t h e  p a r t i c l e s .  The l a r g e s t ’ v a l u e  f o r  t h e  mean o f  t h e  
m in /m ax  d i a m e t e r  r a t i o  t h a t  was o b t a i n e d  i s  0 -5 5  ( s a m p le  A10,
C ' F i g .  1 2 a ) , a n d  t h i s  v a l u e  was a r b i t r a r i l y  d e f i n e d  a s  a  n o d u l a r i t y
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o f  100%. F o r  t h e  ^ e r o  end. o f  t h e  n o d u l a r i t y  s c a l e  i t  m ig h t  be
assum ed  t h a t  t h e  mean v a l u e  o f  t h e  m in/m ax  d i a m e t e r  r a t i o  f o r
f l a k e  g r a p h i t e  c o u ld  be u s e d .  H ow ever, t h i s  i s  n o t  a  s u f f i c i e n t l y
r e l i a b l e '  s t a n d a r d ,  s i n c e  t h e  f l a k e  m o rp h o lo g y  i s  q u i t e  v a r i e s ,
and  f o r  some t y p e s  a  r e l a t i v e l y  h i g h  mean m in/m ax d i a m e t e r  v a l u e
i s  o b t a i n e d .  F o r  e x am p le ,  t h e  s t r u c t u r e  o f  A l3 .  shown i n  F i g .  1 2 b ,
i s  c l e a r l y  f l a k e ,  and  h a s  a  mean m in/m ax d i a m e t e r  r a t i o  o f  0 . 2 4 .
* '  .
I t  was d e c i d e d ;  t h e r e f o r e ,  t o  c h o o se  a r b i t r a r i l y  a  s t r u c t u r e
«
t h a t  a p p e a r e d  v i s u a l l y  t o  h av e  a  n o d u l a r i t y  o f  a b o u t  30%, anu  t o  
u se  t h e  co rre sp o n d ir |g > { n ea p  v a l u e  o f  t h e  m in/m ax d i a m e t e r  r a t i o  
to  e s t a b l i s h  t h e  n o d u l a r i t y  s c a l e .  The s t r u c t u r e  o f  s am p le  A24, 
shown i n  F i g .  12 c ,  w h ich  has- a  mean m in /m ax  d i a m e t e r  r a t i o  o f  
0 . 3ft- v.as t h u s  a r b i t r a r i l y ^ a s s i g n e d  a  n o d u l a r i t y  o f  5 °%- I n  p e r ­
fo r m in g  t h e  im age a n a l y s i s ,  i t  i s  n e c e s s a r y  t o  s e t  i n  t h e  c o m p u te r  
p ro g ram  a  l i m i t i n g  r a n g e  f o r  t h e  m in/m ax d i a m e t e r  r a t i o  ( a s p e c t  
r a t i o ) ,  w h ic h  was t a k e n  a s  Q .0 5 <  £? <( O .g p . U s in g  t h e  a b o v e ,  
a r b i t r a r i l y  d e f i n e d  c r i t e r i a ,  t h e  n o d u l a r i t y  s c a l e  o f  T a b le  6 
was c o n s t r u c t e d .
w
S in c e  t h e  q u a l i t y  o f  t h e  n o d u l a r  i r o n  i s  s t r o n g l y  d e p e n d e n t
2
on t h e  g r a p h i t e  n o d u le  c o u n t  ( t o t a l  num ber o f  p a r t i c l e s / m m  ) a s
w e l l  a s  t h e  s h a p e ,  a  r e l a t i v e  n o d u l a r i z a t i o n  in d e x  i s  n e x t  
*
( a r b i t r a r i l y )  d e f i n e d  a s  f o l l o w s :
R e l a t i v e  M o d u l a r i z a t i o n  I n d e x  — . (M oaule c o u n t ) X (% o f  
t o t a l  num ber o f  p a r t i c l e s  w h ic h  h ave  a  m in/m ax d i a m e t e r  
r a t  io  0 . 5 )
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F i g .  1 2 a .  M i c r o s t r u c t u r e  o f  sam p le  A10 
R e s i d u a l  m agnesium : 0 . 0 8 6%
Mean min/max diameter ratio: 0.55 
Nodularity: A00%
N o rm a l iz e d  N o d u l a r i z a t i o n  I n d e x :  69




1 2 b .  M icro  s t r u c t u r e  o f  sam p le  A13 
R e s i d u a l  m agnes ium : 0 .0 0 1 $
Mean m in /m ax  d i a m e f e r  r a t i o :  0 .2 4  
N o d u l a r i t y :  0$
N o rm a l iz e d  M o d u l a r i z a t i o n  I n d e x :  0
\
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F i g .  1 2 c .  M i c r o s t r u c t u r e  o f  sam p le  A2^ 
R e s i d u a l  m agnes ium : 0 . 0 0 2 # .
Mean m in/m ax d i a m e t e r  r a t i o :  Q_*34 
M odu lar ity .*  50#
N o rm a l iz e d  N o d u l a r i z a t i o n  In d e x :  23
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'Mean min/max diameter ratio ('?-) Nodularity i>
0.55-0.5^ 100
0.53 - 0.52 95
0.51 - 0-50 90
0.49 - 0.48 85
0.47 - 0.46 80
0.45 - 0.44 75
O . 4 3 - 0.42 • 70
0.41 - 0.40 65
O . 3 9 - O . 3 8 60
O . 3 7 - O . 36 55
0 . 3 5  - 0 . 3 4 50
T a b l e .  6 .  N o d u l a r i t y  S e a l e
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5 °
The r e l a t i v e  m o d u l a r i z a t i o n  i n d e x  i s  t h e n  n o r m a l i z e d  
a g a i n s t  t h e  h i g h e s t  in d e x  v a l u e  o b t a i n e d , 3 9 • 8 ? °  f o r  i n g o t  A30 
shown i n  P ig .  13* t h u s  a s s i g n i n g  a n  i n d e x  o f  100 f o r  A30 a s  
t h e  s t a n d a r d  a g a i n s t  w h ic h  t h e  o t h e r  i n g o t s  a r e  com pared . As 
a n  ex am ple  o f  t h e  a p p l i c a t i o n  o f  t h e  a b o v e  n o d u l a r i t y  and n o d u -  
l a r i z a t i o n  i n d e x  s c a l e ,  t h e  n o d u i h r i t y  a n d  n o r m a l i z e d  n o d u l a r i -  
z a t i o n  in d e x  v a l u e s  f o r  t h e  s t r u c t u r e s  o f  t h e  A2 s e r i e s  o f  i n g o t s  
a r e  i n d i c a t e d  i n  F i g .  l ^ a  -  1^+d. T a b le  7 g i v e s  t h e  sum m arized  
r e s u l t s  o f  t h o s e  i n g o t s  l i s t e d  i n  Appendix . U t h a t  showed s i g n i ­
f i c a n t  r e t a r d a t i o n  i n  m agnesium  f a d e  a n d  m a in te n a n c e  o f  n o d u l a r i t y -  
T h ese  r e s u l t s  w i l l  now be d i s c u s s e d  i n  t h e  a p p r o x im a te  c h r o n o ­
l o g i c a l  o r d e r  i n  w h ic h  t h e  r e s e a r c h  p r o g r e s s e d .
D. C h l o r i d e  S a l t  C o n s t i t u e n t
The e a r l i e r  r e s u l t s - o b t a i n e d  i n  d e v e l o p i n g  a  m ethod  o f  
i n c o r p o r a t i n g  t h e  m agnesium  c o n t a i n i n g  f e r r o s i l i c o n  i n t o  t h e  
c a s t  i r o n  m e l t ,  i . e .  u s i n g  m o l te n  s a l t  c o v e r s  a s  p r o t e c t i o n  
a g a i n s t  t h e  a tm o s p h e r e ,  e s t a b l i s h e d  t h a t  B aC l2 , CaCl^ an d  
N aCl, w ere  a l l  e f f e c t i v e  i n  e l i m i n a t i n g  o r  g r e a t l y  r e d u c i n g  t h e
' p '
p y r o t e c h n i c s  u s u a l l y  a s s o c i a t e d  w i t h  t h e  p r o c e s s .  Hovreyer, 
b a r iu m  c h l o r i d e  i s  p r e f e r r e d  t o  t h e  o t h e r  two s a l t s -  b e c a u s e  o f  
i t s  r e l a t i v e l y  low  fu m in g  t e n d e n c y  a t  n o rm a l  f o u n d r y  w o rk in g  
t e m p e r a t u r e s .  B aC l2 h a s  a  b o i l i n g  p o i n t  o f ^ b o u t  1560 C, w h ic h  
i s  a b o u t  5 0 -1 0 0  C above  t h e  m e l t  t e m p e r a t u r e s  u s u a l l y  e n c o u n t e r e d .  
The b o i l i n g  p o i n t  o f  CaCl^ i s  a l s o  i n  t h e  r a n g e  1 5 6 0 -1 6 0 0  C, b u t
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F i g .  13- M i c r o s t r u c t u r e  o f  s am p le  A30 
R e s i d u a l  m agnes ium : 0 .0 5 9 $
Mean m in /m ax  d i a m e t e r  r a t i o :  O.5 1  
N o d u l a r i t y :  9 ° $
N o rm a l iz e d  N o d u l a r i z a t i o n  In d e x :  100





F i g .  1 4 a .  M i c r o s t r u c t u r e  o f  sam p le  A20 
w h ic h  was h e l d  a t  14?0  C f o r  0 t im e  
R e s i d u a l  magnesium ': 0 .102%
Mean m in/m ax d i a m e t e r  r a t i o s  0 .4 8  
N o d u l a r i t y :  85%
N o rm a l iz e d  N o d u l a r i z a t i o n  In d e x :  66.
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F i g .  1 4 b .  M i c r o s t r u c t u r e  o f  sam p le  A21 
w h ic h  was h e l d  a t  14-70 C f o r  5  m in u te s  
R e s i d u a l  m agnesium : 0 .026%
Mean min/max diameter ratio.- 0 .4 5  
Nodularity: 75%
N o rm a l iz e d  N o d u l a r i z a t i o n  Index-. 41
i




F i g .  1 4 c .  M i c r o s t r u c t u r e  o f  s am p le  A22 
w h ic h  was h e l d  a t  l 4 ? 0  C f o r  10 m in u te s  
R e s i d u a l  m agnesium : 0.002^6 
Mean m in /m ax  d i a m e t e r  r a t i o :  0 .4 3  
N o d u l a r i t y :  70%
N o rm a l iz e d  N o d u l a r i z a t i o n  In d e x :  33
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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F i g .  l 4 d .  M i c r o s t r u c t u r e  o f  s am p le  A24 
w h ic h  was h e l d  a t  ,1470 C f o r  20 m in u te s  
R e s i d u a l  m agnesium : 0 .0 0 2 #  .
/ '"N  Mean ra in /m ax d i a m e t e r  r a t i o :  0 .3 4  
J N o d u l a r i t y :  50%
I N o rm a l iz e d  N o d u l a r i z a t i o n  I n d e x :  23
%




















/B a C l 2
(gn)
I n o c u -  
l a n t  . 
(gm)
S la g /g m Temp.
(C)
H o ld in g  R e s i d u a l  
Time Mg# 
(m in)
N odu le  
C oun t 
(No./mm2 )
N o d u l­
a r i t y
N o rm a l iz e d
N o d u l a r i z a -
I n d e x
A10 (F *) ' 4 / 4 - - 1500 0 0 .0 8 6 400 100 69
A l l  (F * )’ 4 / 4 - - 1500 5 O .0 3 8 379 95 61
A12 (F*) 4 / 4 - _ 1500 10 0 .0 0 3 292 60 • 24
A13 (F*) 4 / 4 - - 1500 15 0 .0 0 1 0 0 0
A20 (F*) 4 / 4 - - 1470 0 0 .1 0 2 450 85 6 6 .
A21 (F*) 4 / 4 - - 14?0 5 0 .0 2 6 311 75 4 i
A22 #(F*) 4 / 4 - - . 1470 10 0 .0 0 2 280  1 70 33
A24 (F*) 4 / 4 - - 14?0 20 0 .0 0 2 334 50 23 ,
A30 (F*) 4 / 4 ** — - 1400 0 0 .0 5 9 637 90 100
A31 (F*) 4 / 4 -
*
1400 . 5 0 .0 0 3 361 60 37 '
A32 (F*) 4 / 4 - - 1400 10 0 .0 0 2 305 70 34 '•
A33 (F*) 4 / 4
i r
- 1400 15. 0 .0 1 1 253 75 ■ 32
T a b le  7* The R e s u l t s  o f  R e s i d u a l  Mg C o n t e n t ,  N odule  C o u n t ,  N o d u l a r i t y
and Normalized Nodularization Index (Summarized from Appendix 4)
L eg en d i F : F o rd  m a t e r i a l ;  Ht. H anna m a t e r i a l ;  B: B e n d ix  m a t e r i a l  
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i t s  fu m in g  r a t e  a t  1500 C was fo u n d  t o  be  ^ l § y  much g r e a t e r  
t h a n  t h a t  o f  B a C ^ ,  t h u s  p r e s e n t i n g  a n  e n v i r o n m e n t a l  c o n ta m in -  
a t i o n  p r o b le m .  L ik e w is e  w i t h  N aCl, w h ic h  b o i l s  a t  a b o u t  1^10 C, 
t h e  b o i l i n g  and  fu m in g  a t  1500 C was e x t r e m e  and  p r e s e n t e d  a  
s a f e t y  p ro b le m .  F o r  t h e s e  r e a s o n s  B a C ^  was s e l e c t e d  a s
9
t h e  medium o r  m a t r i x  f o r  *fiost o f  t h e  v a r i o u s  c h l o r i d e . ' s a l t -  
a l l o y  c o m p o s i t e s  i n v e s t i g a t e d  a s  p o s s i b l e  s l a g s  f o r  p r e v e n t i n g  
o r  i n h i b i t i n g  m agnesium  l o s s  f rom  c a s t  i r o n  m e l t s .
E . M agnesium  L o s s  R ate, i n  S l a g - F r e e  M e l t s
V
To d e t e r m i n e  t h e  e f f e c t i v e n e s s  o f  a  p a r t i c u l a r  s l a g  i n
p r e v e n t i n g  o r  r e t a r d i n g  t h e  r a t e  o f  v o l a t i l i z a t i o n  l o s s  ' o f
m agnesium  from  c a s t  i r o n  m e l t s ,  i t  was n e c e s s a r y  t o  f i r s t
e s t a b l i s h  t h e  r a t e  o f  l o s s  f ro m  s l a g - f r e e  ̂ p i e l t s  a s  a  s t a n d a r d
f o r  c o m p a r i s o n .  The A s e r i e s  o f - i n g o t s  ( c f .  T a b le '  7) w ere
i n v e s t i g a t e d  f o r  t h i s  p u r p o s e  o v e r  a  s e r i e s  o f  t e m p e r a t u r e s
*  s
(1350 C, 14-00 C, 14-70 C, 1500 G) and  h o l d i n g  t i m e s  (0 -2 0  m i n . ) .
The r e s i d u a l  m agnesium  r e s u l t s  o b t a i n e d  f o r  t h e  above  i n g o t s
c a n  n o t  be u s e d  t o  e s t a b l i s h  a n  e x a c t  q u a n t i t a t i v e  e x p r e s s i o n
f o r  t h e  t im e  r a t e  o f  l o s s  o f  m agnes ium , s i n c e  r e s i d u a l
m agnes ium  c o n t e n t  f o r  a n y  g i v e n  t e m p e r a t u r e  and  h o l d i n g  t im e
w i l l  d ep en d  on t h e  am oun t o f  m agnesium  i n c o r p o r a t e d  i n i t i a l l y ,
an d  t h i s  w i l l  i n e v i t a b l y  v a r y .  F o r  e x a m p le ,  f o r  t h e  A1 s e r i e s
/
l‘N
o f  i n g o t s ,  t h e  am ount o f  m agnesium  i n c o r p o r a t e d  i n i t i a l l y  (0 t im e )  
v a r i e s  f ro m  0 .0 5 9 % (14-00 C) t o  0.140J& (1350 G ). I t  i s  e v i d e n t , ,  
h o w e v e r ,  t h a t  t h e  r a t e  o f  m agnesium  l o s s  i s  r a p i d ,  and  t h a t
ID
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a f t e r  5 m in u t e s  a t  l e a s t  5°% o f  t h e  i n i t i a l  m agnesium  i n c o r p o -
 ̂ * ir a t e d  i s  l o s t .  T h i s  i s  i n  a p p r o x im a te  a g r e e m e n t  w i t h  t h e  r e s u l t s
8 _
g i v e n  by  R o b in s o n  e t  a l  ( s e e  F i g .  5)» w h ic h  show t h a t  a b o u t
50% o f  t h e  m agnesium  i s  l o s t  a f t e r  a  5 m in u te  h o l d i n g  p e r i o d .
I n  t h e  p r e s e n t  i n v e s t i g a t i o n  t h e  m e l t  s u r f a c e s  w ere  c o v e r e d  w i t h  
a  b l a n k e t  o f  t h e  r e s i d u a l  c h l o r i d e  s a l t  f ro m  t h e  c h a r g i n g  p r o ­
c e d u r e .  The f a c t  t h a t  t h e  r a t e  o f  m agnesium  l o s s  d o e s  n o t  d i f f e r  
s i g n i f i c a n t l y  from  t h a t  fo u n d  b y  o t h e r s  i n v e s t i g a t i n g  s l a g - f r e e
•7
m e l t s  shows t h a t  t h e  c h l o r i d e  s a l t  c o v e r  i n  i t s e l f  d o e s  n o t  
p r o v i d e  a n y  s i g n i f i c a n t  p r o t e c t i o n  a g a i n s t  n jagnesium  l o s s  f rom  
m e l t s .  F i g u r e  l ^ a  t o  l ^ d  show t h e  m i c r o s t r u c t u r e s  o f  t h e  A2C,) 
t o  A24 i n g o t s ,  w h ich  w ere  h e l d  a t-  1^70 C f o r  v a r i o u s  t im e s  
• w i t h o u t  a n y  s l a g  l a y e r  ( e x c e p t  t h e  r e s i d u a l  BaCl^ s l a g  c o v e r ) .
The d e c r e a s e s  i n  n o d u l a r i t y  a n d  t h e  m agnesium  c o n t e n t  w i t h  t im e  
i s  r e a d i l y  e v i d e n t .  The maximum am ount of. m agnesium  t h a t  c an  
be i n i t i a l l y  i n c o r p o r a t e d  i s  a b o u t  0 .10% . . A f t e r  5 m in u t e s ,  t h e  
r e s i d u a l  m agnesium  i s  0 .026% , and  many n o d u le s  a r e  d e v e l o p i n g  
s p i k e s  a n d  i r r e g u l a r  s h a p e s  i n  g e n e r a l  ( v e r m i c u l a r  g r a p h i t e ) .
As t h e  h o l d i n g  t im e  i n c r e a s e s  t o  20 m in u te s  t h e  R e s i d u a l  m agnesium  
h a s  d r o p p e d  t o  a b o u t  0 .002% , a n d  r e v e r s i o n  o f  t h e  g r a p h i t e  t o  a  
f l a k e  m o rp h o lo g y  i s  w e l l  a d v a n c e d .  A good  n o d u l a r i t y  (and  
n o d u l a r i z a t i o n  in d e x )  i s  o b t a i n e d  when t h e  r e s i d u a l  m agnesium  
c o n t e n t  i s  a b o u t  0 .03%  a n d  h i g h e r .  Some i n g o t s  show a  r e l a t i v e l y  
good  n o d u l a r i z a t i o n  i n d e x  f o r  m agnesium  l e v e l s  down t o  0 .01% , 
h o w e v e r ,  i n g o t  c o n s i s t e n c y  a n d  r e p r o d u c i b i l i t y  a r e  g e n e r a l l y  
p o o r  when t h e  r e s i d u a l  m agnesium  l e v e l  f a l l s  b e lo w  0 . 03%.
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F . M agnesium  L o s s  R a te  i n  S la g - C o v e r e d  W e l ts  *
The r a t e  o f  m agnesium  l o s s  i s  s i g n i f i c a n t l y  r e t a r d e d  
from  t h o s e  m e l t s  c o v e r e d  w i t h  c h l o r i d e  s a l t - s i l i c o n  a l l o y  s l a g
a  _ %
c o m p o s i t e s .  T h i s  i s  e v i d e n t '  f ro m  t h e  r e s i d u a l  m agnesium  and
n o d u l a r i z a t i o n  i n d e x  r e s u l t s  o b t a i n e d  f o r  t h e s e  i n g o t s  a s  shown.
i n  T a b le  ?•  The r e s i d u a l  m agnesium  o f  i n g o t s  w h ich  w ere  c o v e r e d  by
C a C l ^ s i l i c o n  a l l o y  c o m p o s i t e s ,  h e l d  a t  1500 C f o r  20 m in u te s  i s
a ro u n d  0 .0 3 5 #  ( c f .  YY3, YY41, YY4-2, YY4-3, YY4-5, and  YY55)-
F i g u r e  15 shows t h e  i n g o t  (YY3) m i c r o s t r u c t u r e  f o r  a  m e l t  c o v e r e d
w i th  s l a g  I ,  w h ic h  i s  a  CaCl2 - s i l i c o n  a l l o y  c o m p o s i te  ( c f .  T a b l e - 5 ) .
*
A good n o d u l a r i t y  (100#) a n d  n o r m a l i z e d  n o d u l a r i z a t i o n  i n d e x  (56) 
a r e  o b t a i n e d  f o r )  a  c o r r e s p o n d i n g  r e s i d u a l  m agnesium  l e v e l  o f  
0 .0 4 0 # .  F o r  m $ l t s  c o v e r e d  by  B aC l2- s i l i c o n  a l l o y  s l a g s  t h e  
r e s i d u a l  m agnesium  l e v e l s  w ere  h i g h e r ,  i n  some c a s e s  e x c e e d in g
0 . 19#  ( c f .  Y t6 ? f YY6 8 , YY?1, YY8 6 , YY8 9 , YY90, YY92, YY104 and 
Y Y H 3 ).  T h i s  i n d i c a t e s  t h a t  B aC l2 - b a s e  s l a g s  a r e  more e f f e c t i v e ,  
i n  p r e v e n t i n g  m agnesium  f a d e  t h a n 'C a C l 2 - b a s e  s l a g s .  F i g u r e s  16a  
and  16b  show t h e  m i c r o s t r u c t u r e s  o b t a i n e d  f o r  i n g o t s  p r o t e c t e d  
by  B aC l2 - b a s e  s l a g s  c o n t a i n i n g  FeSiMg a l l o y .  When com pared  to  
F i g .  1 5 ,  i t  i s  e v i d e n t  t h a t  t h e  im provem en t i n  n o d u l a r i t y  and  
n o d u l a r i z a t i o n  in d e x  i s  n o t  s i g n i f i c a n t  when t h e  r e s i d u a l  m agnesium  
l e v e l  o f  a b o u t  0 .0 4 #  i s  e x c e e d e d  (YY92 h a s  a  r e s i d u a l  m agnesium  
l e v e l  o f  0 . 220#  com pared  t o  0 .0 4 0 #  f o r  YY3)• I t  s h o u ld  be p o i n t e d  
o u t  t h a t  t h e  m i c r o s t r u c t u r e s  shown w i l l  n o t  n e c e s s a r i l y  a g r e e  
w i t h  t h e  g i v e n  n o d u l a r i t y  an d  n o d u l a r i z a t i o n  i n d i c e s ,  due  t o  t h e
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p i g .  15* M i c r o s t r u c t u r e  o f  s am p le  YY3 
w h ic h  was c o v e r e d  b y  s l a g  I ,  h e l d  a t  
1500 C f o r  20 m in u te s  
R e s i d u a l  m agnesium : 0.04-0j£
Mean m in /m ax  d i a m e t e r  r a t i o :  0 . 5 ^  
N o d u l a r i t y :  100
N o rm a l iz e d  N o d u l a r i z a t i o n  In d e x :  56 c
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T
' F i g .  1 6 a .  M i c r o s t r u c t u r e  o f  s am p le  YY89 
w h ic h  was c o v e r e d  b y  s l a g  I I - 3 , h e l d  a t  
1500 Cvf o r  20 m in u te s  
R e s i d u a l  m agnesium i O .092#
Mean m in /m ax  d i a m e t e r  r a t i o :  0 .5 1  
N o d u l a r i t y :  907S
N o rm a l iz e d  N o d u l a r i z a t i o n  I n d e x :  70
V
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F i g .  1 6 b . M i c r o s t r u c t u r e  o f  s am p le  YY92 
w h ic h  was c o v e r e d  by s l a g  I I - 3 ,  h e l d  a t  
1500  C f o r  20 m in u te s  
R e s i d u a l  m agnesium ! 0 .2 2 0 #
Mean m in /m ax  d i a m e t e r  r a t i o :  O.5 0  
N o d u l a r i t y :  90#
N o rm a l iz e d  N o d u l a r i z a t i o n  I n d e x :  71 .
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l a t t e r  r e p r e s e n t i n g  a v e r a g e s  com pu ted  f rom  5 a r e a s ,  w h i l e  t h e  
m i c r o s t r u c t u r e s  r e p r e s e n t  one s p e c i f i c  a r e a  i n  t h e  i n g o t .  The 
r e s u l t s  o f  T a b le  7 show t h a t  m e l t s  c o v e r e d  w i t h  c h l o r i d e  s a l t -  
s i l i c o n  a l l o y  c o m p o s i te  s l a g s  s i g n i f i c a n t l y  r e t a r d  t h e  r a t e  o f  
m agnesium  l o s s ,  and t h a t  goo d  n o d u l a r i t y  may be  r e t a i n e d  f o r  
i n g o t s  m a i n t a i n e d  a t  t e m p e r a t u r e  and  t i m e s  e x c e e d in g  1500 C 
and  30 m in u t e s  r e s p e c t i v e l y .  F o r  m ost i n g o t s  a  h o l d i n g  t im e  o f  
20 m i n u t e s  a t ,  a  t e m p e r a t u r e  o f  1500 C was u s e d  t o  d e t e r m in e  t h e  
s l a g s  e f f e c t i v e n e s s ,  s i n c e  s l a g - f r e e  m e l t s  u n d e r  t h e s e  c o n d i t i o n s  
e f f e c t i v e l y - l o s t  a l l  m agnes ium . I t  was n o t  p r a c t i c a l  t o  e x t e n d  
t h e  h o l d i n g  t im e  b eyond  20 m in u te s  due t o  t h e  e x c e s s i v e  o x i d a t i o n  
l o s s  o f  t h e  c r u c i b l e  m a t e r i a l .
The r e s u l t s  show t h a t  a l l  i n g o t s  p r o t e c t e d  by  a  c h l o r i d e -  
s a l t  s l a g  c o n t a i n i n g  a  s i l i c o n  a l l o y  show h i g h  r e s i d u a l  m agnesium  
c o n t e n t  and  good  n o d u l a r i t y ,  i n d i c a t i n g  t h a t  S i  i s  t h e  com ponent 
i n  t h e  s l a g  w h ic h  p r e v e n t s  m agnesium  f a d e  f rom  t h e  m e l t s .  I n  
o r d e r  t o  d e t e r m in e  t h e  e f f e c t  o f  S i  a lo n e  i n  t h e  c h l o r i d e  s a l t  
on i n h i b i t i n g  m agnesium  f a d e ,  B a C l^ - S i  pow der c o m p o s i t e s  o f  
v a r y i n g  S i  c o n t e n t  w ere  t e s t e d .  G e n e r a l l y ,  t h e  m os t e f f e c t i v e  
s l a g  i s  t h e  one w h ich  c o n t a i n s  a b o u t  e q u a l  am o u n ts  o f  BaCl2 an d  
S i  ( s l a g s  1 1 -1 0  and  I I - 1 6 ) .  F i g u r e  17 shows t h e  e x c e l l e n t  n o d u ­
l a r i t y  t h a t  i s  m a i n t a i n e d  by  t h e  i n g o t  when t h e  m e l t  i s  p r o t e c t e d  
w i t h  a  B aC l2 - 5 0 #  S i  s l a g  c o m p o s i t e .  I f  t h e  S i  c o n t e n t  i s  to o  
lo w , e . g .  1 0#  S i  i n  s l a g  1 1 -1 3  and  5% S i  i n  s l a g  I I - 1 4 ,  t h e  
m agnes ium  f a d e  r a t e  i s  o n l y  s l i g h t l y  r e t a r d e d ,  and  t h e  r e s i d u a l
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F i g .  1 ? .  M i c r o s t r u c t u r e  o f  sam p le  YY123 
w h ic h  was c o v e r e d  b y  s l a g  1 1 -1 6 ,  h e l d  a t  
1500  C f o r  20 m in u te s  
R e s i d u a l  m agnesium : 0 . 036%
Mean m in /m ax  d i a m e t e r  r a t i o :  0.4-7 
N o d u l a r i t y :  80%
N o rm a l iz e d  N o d u l a r i z a t i o n  In d e x :  80
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m agnesium  c o n t e n t  d e c r e a s e d  t o  ab o v e  0 .0 1 #  o r  lo w e r  ( c f .  YY110 
a n d  YY111). H ow ever, i f  t h e  c h l o r i d e  s a l t  c o n t e n t  o f  t h e  s l a g  
i s  t o o  lo w , t h e  s l a g  i s  n o t  s u f f i c i e n t l y  f l u i d  t o  s p r e a d  q u i c k l y  
and  u n i f o r m i l y  a c r o s s  t h e  m e l t  s u r f a c e ,  an d  t h e  p r o t e c t i o n  
a f f o r d e d  by  t h e  s l a g  i s  p o o r e r .  F o r  e x a m p le ,  t h e  m e l t s  o f  i n g o t s  
YY18 and  YY19 w ere  p r o t e c t e d  by  s l a g s  IV and  V r e s p e c t i v e l y ,
w h ic h  c o n t a i n e d  o n l y  39# c h l o r i d e  s a l t ,  an d  t h e  c o r r e s p o n d i n g
1
r e s i d u a l  m agnes ium  v a l u e s  a f t e r  20 m in u te s  a t  1500  C a r e  0 . 006#  
an d  0 .0 1 3 #  r e s p e c t i v e l y .  The p r e v e n t i o n  o f  m agnesium  f a d e  a l s o  
d e p e n d s  on  t h e  am ount o f  s l a g  u s e d .  F o r  t h e  100 gm m e t a l  c h a r g e s  
u s e d  i n  t h i s  i n v e s t i g a t i o n ,  ^  gm o f  s l a g  c o m p o s i te  pow der was 
a p p l i e d  i n  m o s t  o f  t h e  t e s t s .  I t  was fo u n d  t h a t  a s  l i t t l e  a s  
2 gm o f  s l a g  was s u f f i c i e n t  t o  p r o v i d e  p r o t e c t i o n ,  a l t h o u g h  t h e
i
r e s u l t s  t e n d e d  t o  become r a t h e r  e r r a t i c .  F o r  e x a m p le ,  YY?3»A
w h ic h  was c o v e r e d  b y  o n l y  2 gm o f  s l a g  I I - 3 ,  shows a  r e s i d u a l  
m agnesium  c o n t e n t  o f  0 .0 1 5 #  a f t e r  t h e  m e l t  was h e l d  a t  1500 C 
f o r  20 m i n u t e s .
♦
The i n c l u s i o n  o f  m agnesium  i n  t h e  s i l i c o n  a l l o y  com ponen t 
o f  t h e  c h l o r i d e  s a l t - s i l i c o n  a l l o y  c o m p o s i te  s l a g  d o e s  n o t  
im p ro v e  t h e  s l a g ' s  e f f e c t i v e n e s s  i n  r e t a r d i n g  t h e  r a t e  o f  
m agnesium  l o s s  f ro m  t h e  m e l t s .  S l a g s  c o n t a i n i n g  t h e  n o d u l a r i z e r ,  
(w h ich  i s  a  f e r r o s i l - i c o n  a l l o y  c o n t a i n i n g  a b o u t  5#  Wig), f o r  t h e  
s i l i c o n  a l l o y  com ponen t w ere  no more e f f e c t i v e  i n  m a i n t a i n i n g  
n o d u l a r i t y  t h a n  s l a g s  c o n t a i n i n g  no m agnesium  i n  t h e  s i l i c o n  
a l l o y  c o m p o n en t .  T h i s  s u g g e s t s  t h a t  t h e  s l a g  i s  r a p i d l y  s a t u r a t e d
with permission of the copyright owner. Further reproduction prohibited without permission
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w i t h  m agnesium  fro m  t h e  m e l t ,  w h ic h  t h e n  p r o v i d e s  t h e  " b a c k
p r e s s u r e "  o f  m agnesium  t o  c o u n t e r  t h e  m agnesium  p r e s s u r e  i n
' /
t h e  m e l t .  S e v e r a l  o t h e r  c o n s t i t u e n t s  w ere  ad d ed  t o  t h e  c h l o r i d e  
s a l t  t o  e x p l o r e  t h e i r  e f f e c t i v e n e s s  i n  r e t a r d i n g  m agnesium  f a d e ,  
e . g .  MgO, CaO, S i 0 2 , A lgO^i CegO^, C aSi an d  MgCl2 ( s e e  T a b le  5 
, a nd A p p en d ix  4 ) .  I n  g e n e r a l  t h e r e  was no s i g n i f i c a n t  im provem en t 
i n  t h e  p r o t e c t i o n  a f f o r d e d  by  t h e  c h l o r i d e  s a l t - s i l i c o n  a l l o y  
s l a g  c o m p o s i t e .
G. P r o p o s e d  M echanism  f o r  The S l a g  B e h a v io u r
The s o l u b i l i t y  o f  m agnesium  i n  l i q u i d  i r o n  i s  e x c e e d i n g l y  
s m a l l .  N e v e r t h e l e s s ,  t h e  v a p o r  p r e s s u r e  o f  m agnesium  a t  1500 C 
i s  c o n s i d e r a b l e  due  t o  i t s  r e l a t i v e l y  low  b o i l i n g  p o i n t  (1120 C ) . 
I f  t h e  l i q u i d  Fe-Mg s y s te m  b e h a v e d  i d e a l l y ,  w h ic h  i s  n o t  t h e  c a s e ,  
t h e  v a p o r  p r e s s u r e  o f  m agnesium  above  a  c a s t  i r o n  m e l t  c o n t a i n i n g
0 .0 4 #  m agnesium  w o u ld  be  a b o u t  0 .0 1 1  a t m o s p h e r e s ,  a s ’ g i v e n  by
/ 'R a o u l t ’ s  l a w ,  ^
PMg ~  PMg WMg
w here  P °  i s  t h e  v a p o r  p r e s s u r e  o f  p u r e  Mg a t  1500 C ( /^y 13*6 
Mg
a tm o s p h e r e s  -  c f .  F i g . 4 )  and  N j^  i s  t h e  m ole  f r a c t i o n  o f  Mg 
c o r r e s p o n d i n g  t o .0 .0 4 %  i n  t h e  l i q u i d  i r o n ,
Mg: 0 -0 4  gm 0 . 0 4 / 2 4 . 3 2  = 0 . 0 0 1 6  mole
S i :  3 -0  gm 3 . 0 / 2 8 . 0 6  =  O .IO 69 . mole
C : 3 . 4 6  gm 3 - 4 6 /1 2  — 0 .2 8 8 3  . mole
F e :  93 gm 9 3 /5 5 * 8 ^  =  1 .6 6 5 4  mole
t o t a l  2 .0 6 2 2  mole
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Ng® Zl 0.1069/2.0622 —  0.0518
=  0 .0 0 1 6 / 2 .0 ^ 2 2  z :  0 .0 0 0 8  
The s i t u a t i o n  i s  c o n s i d e r a b l y  l e s s  f a v o r a b l e  f o r  t h e  r e t e n t i o n  
o f  m agnesium  t h a n  t h e  ab o v e  a s s u m p t io n  a l l o w s ,  s i n c e  t h e  Fe-Mg 
s y s te m  i s  known t o  e x h i b i t  a  "’s u b s t a n t i a l  p o s i t i v e  d e v i a t i o n  from  
R o a l t ' s  l a w :  G u i c h e l a a r  e t .  a l . J7  h ave  d e t e r m in e d  t h e  m agnesium
a c t i v i t y  c o e f f i c i e n t  a t  14-55 C a s  a  f u n c t i o n  o f  s i l i c o n  c o n t e n t  
f o r  l i q u i d  c o m p o s i t i o n s  l y i n g  o n  t h e  i m m i s c i b i l i t y  c u r v e  ( c o r r e ­
s p o n d in g  t o  a  m agngsium  v a r i a t i o n  f  rora ^  0 . 8?6 t o  ? . 0 $ ) ,  w h ich  
i s  shown i n  F i g .  1 8 .  F o r  a  c a s t  i r o n  c o n t a i n i n g  a b o u t  yf° s i  
(NSi  ^  O .0 5 1 8 ) ,  F i g .  18 g i v e s  I f  7°» s0  ^ h a t  t h e  v a p o r  
p r e s s u r e  o f  m agnesium  i s  c o r r e s p o n d i n g l y  i n c r e a s e d  a c c o r d i n g  t o
p e p0 O
H e n r y ’ s  la w ,  P ^ —y ^  P ^ ,  w h ic h  g i v e s  0 ■ ?6 a tm o s p h e r e s
f o r  a  0 .0 4 $  m agnesium  l e v e l  i n  c a s t  i r o n  m e l t .  Thus, t h e  r e a s o n
*
f o r  t h e  r a p i d  l o s s  o f  m agnesium  f ro m  a  c a s t  i r o n  m e l t  a t  1500 C
i s  r e a d i l y  e v i d e n t ,  v i z . ,  t h e  r e l a t i v e l y  h ig h  e q u i l i b r i u m  v a p o r .
*
p r e s s u r e  o f  t h e  m agnesium  ab o v e  t h e  l i q u i d  c a s t  i r o n  a l l o y .
T herm odynam ics  r e q u i r e s  t h a t  t h e  c h e m ic a l  p o t e n t i a l  o f  
m agnesium  i n  a  s l a g  a p p l i e d  t o  t h e  s u r f a c e  o f  a  c a s t  i r o n  m e l t  
( c o n t a i n i n g  m agnesium ) be e q u i l i b r a t e d ,  and  t h i s  w ou ld  o c c u r  
i n i t i a l l y  a t  t h e  i n t e r f a c e  an d  t h e n  s p r e a d  t h r o u g h o u t  t h e  s l a g  
by  d i f f u s i o n  and  c o n v e c t i o n .  F i n a l l y ,  a f t e r  e q u i l i b r a t i o n ,  
t h e  m agnesium  v a p o r  p r e s s u r e  abo v e  t h e  s l a g  w ould  be e q u a l  t o
o
t h a t  ab o v e  t h e  m e l t ,  w h ich  f o r  a  0 .0 4 $  m agnesium  c o n c e n t r a t i o n
\



















0 .2 0  0 .4 0  0 .6 0  0 .8 0  1 .0 0
Mole F r a c t i o n  S i  i n  A l l o y ,  
a t  I m m i s c i b i l i t y  (1455  C)
F i g .  1 8 .  Activity coefficient of Mg at 1455 C a s
a  f u n c t i o n  o f  S i  c o n c e n t r a t i o n  i n  F e -S i-M g
a l l o y s  l y i n g  on t h e  i m m i s c i b i l i t y  c u r v e .
39)(after Guichelaar and Trojan77'
permission of*. copyright owner. Further ^
i s  e s t i m a t e d  a b o v e  t o  b e  a b o u t  O. 7 6  a t m . .  A l th o u g h  t h e . s l a g  
a p p l i c a t i o n  d o e s  n o t  a p p e a r  t o  be  b e n e f i c i a l  f ro m  a  th e rm o d y ­
n a m ic a l  s t a n d p o i n t ,  t h e  k i n e t i c s  o f  t h e  m agnesium  t r a n s f e r  may
/) £
be  considerab3^-^sfXov?a^. down a s  t h e  f o l l o w i n g  c o n s i d e r a t i o n  
w i l l  sh o w .1
The X - r a y  d i f f r a c t i o n  resuTfcs show t h a t  i n  t h e  s o l i d
■ -» ^  -j
s t a t e  t h e r e '  i s  l i t t l e  o r /  no s o l u b i l i t y  o f  e l e m e n t a l  m agnesium
o r  s i l i c o n  i n  B aC l2 * T h i s  i s  a l s o  s u p p o r t e d  by  t h e  a b s e n c e  o f
a n y  e v i d e n c e  i n  t h e  l i t e r a t u r e  o f  com pounds o r  m i n e r a l s  o f
BaCl^ c o n t a i n i n g  m agnesium  o r  s i l i c o n .  Of c o u r s e ,  i n  t h e
l i q u i d  s t a t e  (1500  C) t h e r e  may w e l l  b e  some s o l u b i l i t y  o f
m agnesium  o r  s i l i c o n  i n  BaCl2 » b \r t  t h e  c h e m ic a l  i n c o m p a t a b i l i t y
o f  t h e  s l a g - m e t a l  s y s te m  w o u ld  s£em t o  s u g g e s t  t h a t  t h e  s o l u b i r
i i t y  i s  i n d e e d  lo w . '  The m o l t e n  s l a g  c o m p o s i te  w ould  a p p e a r  t o
b e  a  s u s p e n s i o n / o r  c o l l o i d a l - t y p e  s y s te m .  T h u s ,  t h e  s l a g  w ou ld
a b s o r b  v e r y  l i t t l e  m agnes ium  f ro m  t h e  m e l t  i n  t h e  p r o c e s s  o f  .
e q u i l i b r a t i n g  t h e  c h e m ic a l  p o t e n t i a l s ,  and  f c f  t h e  a c t i v i t y
c o e f f i c i e n t i s  a s  h i Sh  a s  t h e  c o n c e n t r a t i o n  ^
a b s o r b e d  w ou ld  be o f  t h e  o r d e r  o f  t h a t - i n  t h e  c a s t  i r o n  m e l t .
I f  a c t i v i t y  c o e f f i c i e n t  Y ^ a g > >  t h e n  t h e  c o n c e n t r a t i o n
o f  m agnes ium  a b so rb e d -  i n  t h e  s l a g  w ou ld  b e  c o r r e s p o n d i n g l y  * -
“ ' * . / <  -
l o w e r ‘ t h a n  t h a t  i n  t h e  c a s t  i r o n  m e l t .
,  ■ * ’ * ,
A f t e r  e q u i l i b r a t i o n ' o f  t h e  s l a g ,  m agnesium  l o s s  f ro m  ^
> . •* t . ‘ '
t h e  m e l t  w ou ld  be  c o n t r o l l e d  b y  t h e  d i f f u s i o n  r a t e  t h r o u g h  t
- ' ' V ; ,
. v ‘
-  ' ' ‘ - ■ V
*  *• . ■ . /  **_  ■> * : ‘ - 1 Tr
f  • ‘ ., _ ' ■***<■ e' ' . ’ ? ( " * ■ !
with p erm iss io n  of th e  copyrigh t ow ner. F u rth e r  rep ro d u ctio n  prohib ited  w ithout perm issio n .
73L-
t h e  s l a g  l a y e r ,  p r o v i d e d  t h a t  t h e  v a p o r  p r e s s u r e  o f  th e ^  m agne- ; 
s iu m  d i d  n o t  e x c e e d  1 a t m e s p h e r e ,  ( a t  w h ic h  a  r a p i d  b o i l i n g  
t r a n s f e r  w o u ld  r e s u l t )  a n d  t h e r e  was l i t t l e  c o n v e c t i v e  t r a n s f e r .
The f i r s t  c o n d i t i o n ,  v i z . ,  t h a t  1 a tm ,  a p p e a r s  t o  be
p r e s e n t  f o r  m e l t s  c o n t a i n i n g  a b o u t  0 . 0 ^ - 0 . 05% m agnesium . The 
s e c o n d  ^ c o n d i t i o n ,  v i z . ,  no c o n v e c t i v e  t r a n s f e r ,  w ou ld  be f a v o r e d  
i n  h i g h  v i s c o s i t y  s l a g s .  The s l a g s  c o n t a i n i n g  r e l a t i v e l y  h i g h  
S i  c o n t e n t s  e x h i b i t  a  h i g h  v i s c o s i t y ,  a n d  t h u s  w ou ld  t e n d  t o  
i n h i b i t  e x c e s s i v e  c o n v e c t i v e  a c t i o n .  The t im e  r e q u i r e d  f o r  d i f f u ­
s i o n  th r o u g h  a  s l a g  l a y e r  may be e s t i m a t e d  fronu  t h e  r e l a t i o n s h i p
-— *
-  2 >: ~ ‘(x )  ^ D t ,  w h ere  x  i s  t h e  mean d i f f u s i o n  d i s t a n c e , . D  t h e  d i f f u s i o n
c o n s t a n t  a n d  t  t h e  t i m e .  Thus a s s u m in g  D ^ 1 0  cm / s e c  ^ .n  t h e
l i q u i d -  s l a g ,  x  cm, t h e  t im e  i n t e r v a l  i s  1 0 ”^  s e c  o r  a b o u t
2 h o u r s .  The ab o v e  i s  a n  o r d e r  o f 'm a g n i t u d e  c a l c u l a t i o n , ' a n d  ~
i
4.
s e v e r a l  f a c t o r s  w ou ld  t e n d  t o  a c c e l e r a t e  t h e  p r o c e s ^ .  N e v e r t h e ­
l e s s ,  i t  i s  e ’vy.dent t h a t  t h e  r a t e  o f  m agnesium  l o s s y f r o m  t h e  .
j » 7 s>
m e l t  c a n  be s i g n i f i c a n t l y  r e t a r d e d ,  a n d  i s  a  p l a u s i b l y  e x p l a n a -  •
t i o n  f o r  t h e  p r o t e c t i b n  o f  t h e  c h l o r i d e  s a l t - s i l i c o n  s l a g s  p r o -
/
v i d e d  i n  t h i s  i n v e s t i g a t i o n .  -
The r e s u l td & s h o w  t h a t  S i  i s  a  k e y  . c o n s t i t u e n t  i n  t h e  
s l a g ,  a n d  i n  i t s  a b s e n c e  t h e  c h l o r i d e  s a l t  c o v e r  had  l i t t l e
r ,
o r  no e f f e c t  i n  r e t a r d i n g  t h e  r a t e  o f  m agnesium  f a d e .  The r o l e  
„ J ‘ o f  s i l i c o n  ^may be ' tw o f o l d :  ( a )  i n c r e a s i n g  t h e  v i s c o s i t y  o f  t h e  
s l a g  a s . d i s c u s s e d  above., an d  so  i n h i b i t i n g  c o n v e c t i v e  t r a n s f e r ,  
and  ( b f  p r o v i / ^ n g ' j i  . s i n k  f o r  magnesium- by  r e a c t i n g  w ^ th  m kgnesium
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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V . CONCLUSIONS
The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  show t h a t  c h l o r i d e  
s a l t - s i l i c o n  a l l o y  c o m p o s i te  s l a g s  a r e  e f f e c t i v e  i n  r e t a r d i n g  
t h e  r a t e  o f  v o l a t i l i z a t i o n  l o s s  o f  m agnesium  fro m  c a s t - i r o n  
m e l t s  a t  t e m p e r a t u r e s  up t o  1550 C and  h o l d i n g  t i m e s  up to  
a t  l e a s t  3 °  m i n u t e s .  The d e c r e a s e d  r a t e  o f  m agnesium  l o s s ,  
a s  m e a s u re d  by. t h e  h i g h e r  r e s i d u a l  m agnesium  l e v e l s ~ o f  t h e  
i n g o t s ,  r e s u l t s  i n  a  c o r r e s p o n d i n g  im provem en t i n  t h e  n o d u -  
l a r i t y  o f  t h e  g r a p h i t e .  , The B a C ^ - S i  c o m p o s i te  s l a g s ,  co n ­
t a i n i n g  a p p r o x i m a t e l y  50#  b y  w e ig h t  o f  e a c h  c o n s t i t u e n t ,  a r e  
t h e  m os t e f f e c t i v e ,  b u t  s l a g s  v a r y i n g  c o n s i d e r a b l y  f ro m  t h i s  
s a l t / s i l i c o n  r a t i o  a l s o  p r o v i d e  good  p r o t e c t i o n .  The mechan-1 
ism  by  w h ic h  t h e  s l a g  p r o v i d e s  t h e  p r o t e c t i o n  h a s  n o t  b e e n
/  C .
d e t e r m i n e d ,  b u t  a  c o n s i d e r a t i o n  o f  t h e  th e rm o d y n a m ic s  and  
k i n e t i c s  o f  t h e  s y s te m  s u g g e s t s  t h a t  d i f f u s i o n  t r a n s p o r t  o f  
t h e  m agnes ium  t h r o u g h  t h e  v i s c o u s  s l a g  l a y e r  i s  t h e  s lo w  an d  
r a t e  i n h i b i t i n g  s t a g e  o f  t h e  v o l a t i l i z a t i o n  p r o c e s s .  H ow ever, 
t o  e s t a b l i s h  t h e  a c t u a l  m echan ism  by w h ich  t h e  c h l o r i d e  s a l t -  
s i l i c o n  a l l o y  c o m p o s i te  s l a g  p r e v e n t s  m agnesium  f a d e  f rom  t h e  
c a s t  i r o n  m e l t ,  f u r t h e r  e x p e r i m e n t s  a r e  r e q u i r e d  i n  w h ic h  t h e  
v a r i a b l e s  s u c h  a s  s l a g  d e p t h ,  t e m p e r a t u r e ,  a n d  c o m p o s i t i o n  a r e  
■more r i g o r o u s l y  c o n t r o l l e d ,  and  a c c u r a t e  d i f f u s i o n  c o n s t a n t s  
u s e d .  ■ ‘ *
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A l . l
APPENDIX 1 .  C a l c u l a t i o n  o f  C o o l in g  R a te
The c o o l i n g  r a t e  t h r o u g h  e u t e c t i c  r a n g e  i n  F i g .  11 i s  
c a l c u l a t e d ^ a s  f o l l o w s :
C h a r t  s p e e d  : 5 cm/miry
D i s t a n c e  f ro m  p o i n t  A t o  p o i n t  B i n  X - a x i s  : 0 .5  cm 
T h e r e f o r e ,  t h e  s o l i d i f i c a t i o n  t im e  th r o u g h  e u t e c t i c  r a n g e  i s :
From t h e  c o n v e r s i o n  t a b l e  o f  P t / p t - 1 0 ^ R h  th e r m o c o u p le ,
5 cm /m in 0 . 1  m in  ■= 6 s e c
p o i n t  A : 1 1 .2  m .v .  1139 C 
p o i n t  B 1 2 . ?  m .v .  =  1264 C 
A T  =  1264  -  1139  =  125  C
b
C o o l in g  i - g e :
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2 .  X - r a y  D i f f r a c t i o n  A n a ly s e s  o f  S l a g s
( i )  s l a g  I I
( i i )  s l a g  I I - 3
( i i i )  s l a g  11-13
( i v )  s l a g  11-16
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A > .1
SAMFLE ID: A-l-8 
DRTR COLLECTION FOR 979 PARTICLES 
MRX. DIflM. ' = 61. 200 UM MIN. DIRM. =





h l l 't v p e s
MEAN= 195. 800 STHND. DEV. =
AVERAGE DIAMETER . MlH/MAX 
MEAN SIGMA MEAN SIGMA
OJM> <UM>





20. 02 3. 27
FOR ALL TVF'ES 
AVERAGE DIAMETER .r.UM> DISTRIBUTION
ASS CLASS 0 1 2 . 3 4
MIT NO. V
2. 50 0) 0. 00 C
4. GO 0. 31 C
6. 30 40 4. 09 F *+
10. 00 148 15. 12 [
16. 08 365 37. 28 F *W>t::+:++ + :+:*:+: + *:+:
25. GO 315 32. 18 F * * H-: + 4 H !+.+*; H +.
40. OO 104 10. 62 F + *









FOR ALL TVF'ES 
MIN/MAN DIAMETER DISTRIBUTION
CLASS CLASS 0 1
LIMIT NO. -------------gi—
0. 050 30 3. 06 F **
0. 100 75 7. 66 F +
0: 150 52 5. 31 F + +
0. 2001 23 2. 96 [ + .
0. 250 14 1. 43 C +
0. 300 17 1. 74 F +
0. 350 17 1. 74 [*
0. 400 16 1. 63 f -•/
O. 450 39 3. 93 f ++
0. 500 17 1. 74 F +
0. 550 47 4. 80 F ++
0. 600 75 7. 66 [
0. 650 56 5. 72 [
,0. 700 104 10. 62 : *****
0. 758 132 13. 48 F *** ****
0. 800 133 ■13. 59 F *******
0. 350 S 3 6. 44 F ** +
0. 900 56 5. 72 F








 0 -------------------- 0 -
1'
-o
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A 3 . 2
•- >c
SAMPLE ID: A-l-1 
DATA COLLECTION FOR 928 PARTTCl FS 
MAX. DIAM. '= 101. 823 UM
6 ^ 8 / 7 7
PARTICLES/FRAME:
MIN. DIAM. = 0. 909 UM





FOR ALL TVPES 
AVERAGE DIAMETER CUM) DISTRIBUTION
AVERAGE DIAMETER MIN/MAX 
MEAN' SIGMA MEAN SIGMA
CUM) ' CUM)









1. 60 0 0. 00 CO 50 1 0. 11 E
4. 00 s 0. 86 E
6:30 44 4. 74 Z-
10.'00 146 15. 73 z-
16. 00 392 42. 24 I
25. 00 276 29/ 74 Z:
40. 00 55 5. 93 Z -
63. 00 5 0. 54 Z











CLASS CLASS 0 1
LIMIT NO. V
0. 050 25 2. 48 Z +
0. 100 76 8. 19 C ****
0. 150 65 7. 00 c ****
0. 200 28 3. 02 E**
S. 256 20 2. 16 e *
0. 300 25 2. 48 z *
0. 350 21 2. 26 E *
0. 400 24 2. 59 E *
0. 450 34 5. 66 E **
0. 500 21 2. 26 E *
0, 550 62 6. 68 E ***
0. 600 90 9. 70 C *****
0. 650 64 6.^90 [ ***
0. 700 95 10. 24 E***** 
[ *****0. 750 91 9. 81
0. 800 93 10. 02 E *****
0. 850 64 6. 90 [ ***
0. 900 29 3. 13 E **
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c . A 3-3
\
SAMPLE ID: A-l-2 6/19/77 •
DATA COLLECTION FOR ' 715 PARTICLES 
MAX. DIAM. = 190. 623 UM MIN. DIAM. = ‘ O. 990 .UM
PARTICLES/FRAME: MEAN= 143.909 STAND.' DEV. = 9.900






MEAN ’ SIGMA 
(UM> <UM> *




21. 26 • 12. 33
FOR ALL TVPES 












no. x ------0-----0-— 0-
9 0. 00 C
20 2. 80 [ +
79 11. 05 I
172 24. 06 C
216! 3’0. 49 C * Jt: + :+:;+::+.■ >f:
131 13. 32 [ ********:+:
35 11. 39 C




- 0 - - 0 - 9- 10-0----T0
I FOR ALL TVPES
MIN/MAX DIAMETER DISTRIBUTION
CLASS CLASS 0 1
LIMIT NO. X \ A
0. 050 4 26 3. 64
0. 100 70 10. 07
0. 150 cro.. 8. 11
0. 290 27 3. 73 i *:+:
9. 259 46 fcu 43 ;
0. 300 66 9. 23 ; >K
0. 350 4. 48" ]
0. 400 53 S. 11 * * * *
0. 450 65 9. 03
0. 500 27 "70—■ 1 LV
0. 559 48 6. 71 ; * + *
0. 600 67 9. 37
0. 650 30 4. 20 * *
0. 700 29 4. 06 ' * - + ■
0. 750 36 5. 03
0. 300 i s 2. 52 ! *
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A3.4
SRMPLE ID: A-l-3 . 6/10/77
DATA COLLECTION FOR" 486 PARTICLES
MAX. DIAM.. = 72. 00O.UM MIN. DIAM. = 0.900 UN

















FOR ALL TVPES 
AVERAGE DIAMETER CUM) DISTRIBUTION
:LASS CLASS 0 • 1. 2 3 4 5 6
. IMIT -NO. ----- 0-----g-----0— --- Q---__0 --------------0------------
1. 6G 0 0. 00‘ L
2. 50 3 0. 62 C
4. 00 45 9. 26
6. 30 102 20. 99 £ ifc + i+t if:if: if: in**:* -
10. 00 .119 24. 49
16. 00■ ' 
25. O0
1129 26. 54 £ :fcf::f<;f;:f::f:it;if: + :f:tt:+:if: *
V - 14. SI £ ***:* + * +40. 00 14 2. S8 e +
63. 00 O 0. 41 c
— y  m  0
10 
-0 '
FOR ALL TVPES 
MIN/MAX DIAMETER DISTRIBUTION
CLASS CLASS 0 1
LIMIT NO. s'm ------0----
0. 050 28 5. 76 C *:+•■*
0. 100 75 15. 43 £ If: If:* if: if: if: if: If:
0. 150 70 14. 40 £ *** If: *+.+
0. 200 5S *11. 93 £ ******
0. 250 57 ii. v ' s £ ******
0. 300 55 11. 32 £ ***.*.*:*
0. 350 37 7. 61 £ ****
0. 400 23 4. 73 £ **
0. 450 29 5. 97 £ ***
0. 500 10 2. 06 e *
0. 550 22 4. 53 £ *:f:
0. 600 8 1. 65 E*
8. 650 1 0. 21 e
0. 700 n r•_l 1. 03 E*
0. 750 O 1. 65 £ :+:
0  0  0  0 —
10
-0
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SAMPLE ID: f i-2 -0 1 1 /1 0 /7 7
DOTH COLLECTION FOR 1102 PARTICLES
MAX. DIAM. ='■ 96.598 UM MIN. .DIAM, = 0.980 UM
* ^
PARTICLES/FRAME: MEAN= 220. 400 STAND. DEV. = 0. 000
PART CHEMICAL' AVERAGE DIAMETER MIN/MAX MAXIMUM DIAMETER
TVFE NAME ' MEAN SIGMA MEAN SIGMA MEAN SIGMA
<UM> <UM> <UM> <UM>
ALL TVPES- 14. 55 6. 35 0. 48 0. 266 19. 50 9. 36
FOR ALL TVPES 
AVERAGE DIAMETER <UM>-DISTRIBUTION
y •
CLASS CLASS 0 . 1  2 3 4 5 6 - 7  8 9 18
MIT NO. I ------g-----g-----g-----g
'2. 58 0 0.00 z
4. 00 10 0. 91 z
6. 30 55 4. 99 I **
10. 80 212 19. 24 C
16. 00 439 39. 34 £ + * + + * +
25. 08 304 27. 59
40. 00 78 7. 08 C ++'+■+■
63. 80 4 0.36 c
FOR ALL TVPES 
MIN/MAX DIAMETER DISTRIBUTION
CLASS CLASS 0 1
LIMIT NO. M 1/
, 0.050 36 3. 27 C +*
0.100 106 9. 62 [ +
0.150 101 9. 17 £ * +
0.200 44 3. 99 C :+■•■+•-
0.250 27 2. 45 C*
0.300 27 2. 45 C*
0.350 18 1. 63 E *
0.400 31 2. 81 C *
0.450 40 3. 63 C +*
0.500 31 2. 81' C *
0.550 86 7. 88 C +
0.600 86 7. 88 C
0.650 7*2 6. 62 [ + + +
0.700 109 9. 89 [ *****
0.750 107 9. 71 [ *****
0.808 100 9. 07 I  *****
0.850 48 4. 36 E **■
0.900 26 2. 36 c *
0.950 6 0. 54 L
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A 3 . 6
SAMPLE ID : R - 2 - 1
DATA COLLECTION FOR 7 6 3  PA R TIC LES
MAX. DIAM. =. 1 3 2 . 8 2 3  UM MIN. DIAM. =






0. 900 UM 
STAND. DEV. =













FOR ALL TVPES 
AVERAGE DIAMETER CUM)' DISTRIBUTION
CLASS
:m i t NO. V
2. 50 0 0. 00
4. 00 3 0. .39
6. 30 -19 2. 49
00 101 13. 24
16. 00 335 43. 91
25. 00 238 31. 19
40. 00 61 7. 99
63. 00 6 ’ 0. 79
CLASS 0 ^ 1  2 3 4

























0. 050 22 2. 88 E *
0. 100 36 11. 27 E
0. 150 69 9. 04 E
0. 200 32 4. 19 c +*
0. 250 24 3. 15 E
0. 300 26 3. 41 C **
0. 350 15 1. 97 E*
0. 400 26 3. 41 E **
0. 450 40 5. 24 E ***
0. 500 30 3. 93 E **
0. 550 52 6. 32 C **+
0. 600 62 8. 13 E *■+*+
0. 650 55 7. 21 E ++**
0. 700 47 6. 16 E *•++
0. 750 55 7. 21 [ +
0. 800 69 9. 04 E
0. 350 31 4. 06 E
0. 900 19 2. 49 E*
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A 3 . ?
SAMPLE ID : A - 2 - 2
DATA COLLECTION FOR 6 8 5  PA R TIC LES
MAX.' DIAM, = 6 8 . 4 0 0  UM MIN. DIAM,
6 / 1 0 / 7 7
0. 900 ■ UM
PARTICLES/FRAME:
PART CHEMICAL ' 
TVPE NAME
ALL TVPES




13. 26 5. 98 0. 43 0. 247
M-IN/MAX MAXIMUM DIAMETER





FOR ALL TVPES 
AVERAGE DIAMETER <UM> DISTRIBUTION
CLASS . CLASS 0 1 2 3
LIMIT NO. V
2. 58 0 0. 00 C
4. 00 10 1. 46 : *
6. 30 51 7. 45 C
10. 00 184 •"26. 86 E + :+'■ :+. :+< r+r * +:
16. 00 34. 60 E +■ rf:.+ cR * tf; :f;.+: rf: :+< rf:
25. 00 178 25. 99 C tf: % :+: :+:>f: hf:>f:.+ of: sH
48. 00 3. 36 c ** 1
63. 00' o 0. 29 c
FOR ALL TVPES
11N/MAX DIAMETER DISTRIBUTION
CLASS CLASS 0 1 V
LIMIT NO. V
0. 050 16 2. 34 C + “
0. 100 67 9. 78
0. 150 51 7. 45 E
0. 200 41 5. 99 [ ++:+<
0. 250 26 . 3\ 89 E **
0. 300 35 5. 11 E tf.jfcjti
0. 359 .34 4. 96 [ *+■
0, 400 35 5. 11 E
0. 450 37 5. 40 E ***
0. 500 ‘ 19 2. 77 C*
0. 550 46 € •: 72' I + **
0. 600 65 9. 49 E
0. 650 28 4. 09 E + *
0. 700 64 9. 34 [ 4
0. 750 54 7. 88 E
0. 800 45 6. 57 E ***
• 0. 850 15 2. 19
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SAMPLE . ID  : F I - 2 - 4
DflTR COLLECTION FOR
MAX.' DIflM. = 1 6 3 .  0 O 9  UM
8 1 9  PR E T IC L E S
MIN. D IRM .
1 1 / 1 0 / 7 7
0 .  9 0 0  UM
P A R T I C L E S / F R A M E :
P A R T  C H E M IC A L  
T V P E  NAME
M E A N - 1 6 3 .  8 8 0 S T R N D . DEV. =  1 2 .  1 9 4
M IN /M A X  
MEAN S IG M A
A L L / T V P E S
A VERA GE D IA M E T E R  
MEAN -  S IG M A  
CUM) CUM)
1 7 .  3 5  1 0 .  8 3  0 .  3 4  0 .  2 2 5
?  FO R  A L L  T V P E S
AVERAGE D IA M E T E R  <UM:> D I S T R I B U T I O N
MAXIMUM D IA M E T E R  
MEAN S IG M A  
CUM) CUM)
2 6 .  9 8  1 7 .  7 0
C L A S S C L A S S 0  . 1 2  3
L I M I T NO. - 0 -------40-
2 .  5 0 ‘ 0 0 .  0 0 £ \
4 .  0 0 5 0 .  6 1 t *
6 .  3 0 6 3 7 .  6 9
1 0 .  0 0 1 4 0 1 7 .  0 9
1 6 .  0 0 2 5 0 3 0 .  . 5 3
2 5 .  0 0 2 1 1 2 5 .  7 6
4 0 .  0 0 1 1 6 1 4 .  1 6
6 3 .  0 0 3 0 s .  6 6 £ * *
1 0 0 .  0 0 4 0 .  4 9 £ ■
FOR A L L  T V P E S
1 I N /M A X  D IA M E T E R  D I S T R I B U T I O N
C L A S S C L A S S 0  1 2  3
L I M I T NO. X
0. 0 5 0 * 7 0 8 .  5 5 £
- ‘ 0 .  1 0 0 9 6 1 1 .  7 2
0 .  1 5 0 6 3 7 .  6 9 £ * * * *
0 .  2 0 0 5 5 6 .  7 2 £ + * *
0 .  2 5 0 5 1 6 .  2 3 £ * * +
0 .  3 0 0 / 6 0 ■ 7 .  3 3
0 .  3 5 0 ’VsJp 4 2 5 .  1 3 £>,#*•+
0 .  4 0 0 5 8 7 .  0 8
0 .  4 5 0 5 0 6 .  1 1 £ + + *
0 .  5 0 0 4 5 5 .  4 9 £ ■*■■**-
0 .  5 5 0 5 1 6 .  2 3
0 .  6 0 0 4 1 5 .  0 1 £ +:-K+
0 .  6 5 0 4 7 5 .  7 4 £ *  +  *
0 .  7 0 0 3 1 3 .  7 9 £ * +
0 .  7 5 0 «i. r 3 .  3 0 £
0 .  8 0 0 2 4 2 .  9 3 £ *
0 .  8 5 0 7 0 .  8 5 C
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1
SAMPLE ID : R - 3 - t f
DATA COLLECTION FOR 1 5 6 1  FARTI.CLES
MAX. DIAM. =  5 2 .  3 2 4  UM MIN. DIAM. = .
7 / 1 0 / 7 7
0 .  A 0 0  UN
P A R T I C L E S / F R A M E :
P A R T  C H E M IC A L  
T V P E  NAME
A L L  T V P E S
M EAN= 3 1 2 .  2 0 0 S T A N D . DEV. =
A VE RA G E  D IA M E T E R  M IN /M A X  
MEAN S IG M A  MEAN S IG M A
CUM? CUM?
1 2 .  4 8  4 .  3 8  0 .  5 1  0 ,  2 3 5
S 3 .  0 0 5
MAXIMUM D IA M E T E R  
MEAN S IG M A
CUM? CUM?
1 6 .  5 8  .6. 1 7
F O R  A L L  T V P E S
\ '
A VERA GE D IA M E T E R  CUM? D I S T R I B U T I O N
C L A S S C L R S S 0 1 . 2  3 4 * 5 6 8 9 •10
L I M I T NO. ’* . y i b _
2 .  5 0 0 0. 00 Z f  ■ ■
4 .  0 0 10 0 .  6 4 z  ' \6. 3 0 86 5 .  5 1 £ + * * \
s10. 00 3 7 2 2 3 .  8 3
1 6 .  00 7 6 9 4 9 .  2 6
2 5 .  0 8 3 1 8 2 0 .  3 7 ,
4 0 .  0 0 s 0 .  3 8 Z
F O R  A L L  T V P E S  
M IN /M A X  D IA M E T E R  D I S T R I B U T I O N
C L A S S * C L A S S 0 1
L I M I T NO. •* ,<
,0 . 0 5 0 1 5 0. 9 6 Z
0. 100 9 7 S . 21 £
0 .  1 5 0 1 0 3 6. 6 0 I
0. 200 5 9 3*. 7 8 c + *
0 .  2 5 0 3 8 4 3 z *
0 .  3 0 0 3 8 2. 4 3 I *
0 .  3 5 0 3 6 2 3 1 z *
0 .  4 0 0 5 2 3 . 3 3 z  * *
0 .  4 5 0 8 7 5 . 5 7 £ *:+::*
0 .  5 0 0 5 9 _>. 7 8 [  ■** .
0 .  5 5 8 1 1 4 7 . 3 0 £ - + * * *
0. 6 0 0 1 7 4 11. 1 5 £ I******
0 .  6 5 0 . 108 6. 7 9 £ *++
0 .  7 0 0 1 7 3 11. 0 8
0-  7 5 0 1 9 0 12. 1 7 £ +
0. 8 0 0 1 3 0 A 3 3 £
0 .  8 5 0 6 2 3. 9 7 £ +*
0. 9 0 0 2 6 1. 6 7 L +
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A 3 . 1 0
SAMPL^E ID : A - 3 - 1
DATA C O L L E T O N  FOR 8 8 4  PA R TIC LES






* 1 7 / 1 0 / 7 7
♦
= 0. 900 UM













FOR ALL TYPES 
RVERAGE DIRMETER <UN> DISTRIBUTION
CLASS CLRSS 0 1 2
LIMIT NO. V. ------0-----0---
2. 50 0 0. 00 E
4. 00 8 0. 90 E
6. 30 52 5. 88 C ***
10. 00 147 16. 63 C ********
16. 00 339 38. 35 E *******************
25. 00 230 26. 02 E *************
40. 00 99 11. 20 C ******











FOR ALL TYPES 
MIN/MAX DIRMETER DISTRIBUTION
CLRSS CLASS 0 1
LIMIT NO. V.
0. 050 36 4. 07 [ **
0. 100 143 16. 18 [********
0. 150 119 13. 46 ******* 
E **0. 200 44 4. 98
0. 250 29 3. 23 I **
0. 300 20 2. 26 E*
0. 350 25 2. 83 E*
0. 400 32 ' 3 . 62 [ **
0. 450 41 4. 64 E **
0. 500 ■ 31 3. 51 II **
0. 550 47 5. 32 c ***
.0. 600 76 8. 60 E ****•
0. 650 42 4. 75 E **
0. 700. 54 6. 11 E ***
0. 750 60 6. 79 E ***
'0. 300 52 5. 88 E **.*
0. 850 25 2. 83 E*
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SAMPLE ID : A - 3 - 2
'DATA COLLECTION FOR 7 4 S  PA R TIC LES
MAX. DIAM. = 7 6 , 4 7 4 ' UM MIN. DIflM. =
7 / 1 0 / 7 7
0 .  9 0 0  UM
P A R T I C L E S / F R A M E :  M EAN= 1 4 9 . 6 0 0  . S T A N D . DEV.
P A R T  C H E M IC A L  
T V P E  NAME
A L L  T V P E S
A V E R A G E  D IA M E T E R  M I N /M A X  
MEAN S IG M A  MEAN S IG M A
CUM) CUM)
1 5 .  S 5 '  • 7 .  6 6  ->&; 4 2  0.' 2 5 4
0. 000
MAXIMUM D IA M E T E R  
MEAN S IG M A
CUM) CUM)
2 1 .  f S  9 .  7 0
FOR A L L  T V P E S
A VERR GE D IA M E T E R  CUM) D I S T R I B U T I O N
C L A S S  ■ C L A S S 0  1 2  3  4 5 6 r
L I M I T NO.
2 .  5 0 0 0 .  0 0 C
4 .  0 0 6 0 .  S 0 E
6 .  3 0 4 6 6 .  1 5 £ * * *
1 0 .  0 0 1 3 3 1 7 .  7 8
1 6 .  0 0 2 6 3 3 5 .  1 6 £ +
2 5 .  6 0 1 8 7 2 5 .  0 0
4 0 .  0 0 1 1 1 1 4 .  8 4 £ * +  +  +  ++:+:





FOR A L L  T V P E S  
M I N /M A X  D IA M E T E R  D I S T R I B U T I O N ?
C L A S S
L I / 1 I T 1 ' -
C L A S S 0  1
NO. • y.
0 .  0 5 0 3 3 4 .  4 1 C * *
0 .  1 0 0 8 7 1 1 .  6 3 £ *:+:
0 .  1 5 0 6 0 8 .  0 2 £
0 .  2 0 0 4 1 ' 5 .  4FO £
0 .  2 5 0 1 8 2 .  4 1 C *
0 .  3 0 0 3 0 4 .  0 1 E +■+■
• 0 .  3 5 0 2 9 3 .  8 8 C * +
0 .  4 0 0 S  \ v  4 .  9 5 £ * *
0 .  4 5 0 5 0 6 .  6 8 £
0 .  5 0 0 _• 4 .  4 1 £
0 .  5 5 0 5 0 6 .  6 8 £ + * *
0 .  6 0 0  . 5 1 6 .  8 2 £ * * *
0 .  6 5 0 4 1 5 .  4 8 £ * * *
0 .  7 0 0 5 7 7 .  6 2
0 .  7 5 0 5 2 6 .  9 5 £ **:+:
0 .  8 0 0 4 6 6 .  1 5 £ +
0 .  8 5 0 2 5 3 .  3 4 £
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\
A3 - 1 2
SAMPLE ID : A - 3 - 3  1 7 / 1 0 / 7 ?
D ATA C O L L E C T I O N  FO R  6 1 9  P A R T I C L E S
MAX, D IA M . =  7 0 .  4 3 6  UM- M IN . D IA M . =  O. 9 0 0  UM .
MEAN= 1 2 3 .  S 0 0  S T A N D . . DEV. =  5 8 .  6 6 0. P A R T I C L E S / F R A M E :
C“ .
P A R T  C H E M IC A L  
TV'PE NAME
A L L  T V P E S
A VE RA G E  D IA M E T E R  M IN /M A X  
MEAN S IG M A  MEAN S IG M A
a iM >  CUM? •
1 3 .  2 9  6 .  5 6  0 .  4 4  0 .  2 6 1
MAXIMUM D IA M E T E R  
MEAN S IG M A
CUM?
1 7 .  5 4
aiM-> 
7 .  5 0
FO R  A UL T V P E S  
A V E R A G E  D IA M E T E R  CUM? D I S T R I B U T I O N
.C L A S S C L A S S  0
:m i t NO. Vi '"
2 .  5 0 ■ 0 0 .  0 0 C
4 .  8 0 8 1 .  2 9 c *
6 .  3 0 4 5 7 .  2 7 c +.+•■+:*
1 0 .  0 0 1 4 9 2 4 .  0 7 [  H < H e  He *  +  * * *  +  +
1 6 .  0 0 2 6 1 4 2 .  1 6 C H:HeHeHeHeHeH.‘H!H<HeH<H-'HcHeHrHeHeHeHeHeHe
2 5 .  0 0 1 3 4 2 1 .  6 5 £ H<H<H<H:HcHeH<H:HeH<He
4 0 .  0 0 1 6 2 .  5 8 c *











FO R  A L L  T V P E S  
M IN /M A X  D IA M E T E R  D I S T R I B U T I O N
C L A S S C L A S S 0  1
L I M I T NO. i'm
0 . 0 5 0 1 3 ' 2 .  1 0 He
0 . 1 0 0 7 0 1 1 .  3 1 ; *  Hr*
0 . 1 5 0 6 3 1 0 .  1 8 ; HeHeHeH-’He
0! 2 0 0 3 9 6 .  3 0 \ HeHeHe
0 . 2 5 8 2 0 3 .  2 3 Hr Hr
0 . 3 0 0 2 3 3 .  7 2 ; +H:
0 . 3 5 0 1 5 2 .  4 2 .+
0 . 4 0 0 1 2 l / 9 4 He
0 . 4 5 8 3 7 5 .  9 8 ; h-.h-.h-.
0 . 5 0 © 1 9 3 .  0 7 ; HHe
0 . 5 5 0 4 9 7 .  9 2 | HeHeH-He
0 . 6 0 0 4 2 6 .  7 9 ! Hc+rHt
0 . 6 5 0 sQ 6 ,  1 4 ; * + +
0. 7 0 0 5 4 8 .  7 2 ; H=HeHeHe
0 . 7 5 0 4 7 7 .  5 9 ; HrHe +  H: 
;0 . 8 0 0 4 2 6 .  7 9
0 . 8 5 0 2 6 4 .  2 0 Hf+
0 . 9 0 0 8 1 .  2 9 ; :+:
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A 3 - 1 3
V
SAMPLE ID : R - 3 - 4  ■
DATA COLLECTION FOR 860 PARTICLES 
MAX. DIAM. = 77. 640 UM MIN. DIAM.
PARTICLES/FRAME:
2 0 / 1 0 / 7 '
/ \
MERN=/ 172. 000
0. §^}0 UM 




FOR ALL TVPES 
AVERAGE DIAMETER <UM) DISTRIBUTION
AVERAGE DIAMETER MIN/MAX 
■ MEAN<^_ SIGMA MEAN SIGMA 
<UM> <UM)
















. 0 . - 0 .
y
-0-
2. 50 0 0. 00 C
4. 00 _s 0. 35 C
6. 30 19 . 2. 21 : *
10. 00 58 6.74 e *+*
16. 00 209 24. 30 £ + * ++ •■+: .4: * +
25. 00 377 43. 84 C :4< * + +. +■ +■ + 4-M ■+.
40. 00 183 21. 28 E it:****
63. 00 11 1. 2o C*
10
-0
.FOR ALL TVPES 
MIN/MAX DIAMETER DISTRIBUTI ON
CLRSS CLASS 0 1
LIMIT NO. V
0. 050 ' 57 6. 63 [ +*+
0. 100 132 15. 35
0. 150 51 5. 93 c +*+
0. 200 18 2, 09 : +
0. 250 . 10 1. 16 [ *
0. 300 17 1. 98 [ *
0. 350 28 3. 26 E ++
0. 400 34 3 £+*
0. 450 34 ' 3 . 95 c *•+
0. 500 25**- 3. 37 E +■+
O. 550 3-6 4. 19 E ++ i
0. 600 56 6. 51 E +*+
0. 650 59 6. 86 E •+•-•+•-»•
0. 780 69 8. 02 E ****
0. 750 87 10, 12
0. 800 79 9. 19 E
0. 850 47 5. 47 E +
0. 900 15 1. 74 E +
0. 950- 2 0. 23 E
-0- -0-
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A 3 . 1 1*
SAMPLE IDs'A-4-0 V 13/10/7
I
DATA COLLECTION FOR 1234 PARTICLES








FOR ALL TVPES 









17. 34 6. 71
CLASS CLASS 0
MIT NO. ------0---- 0-----Q -----0-----0.
1. 60 0 0.08 c
2. 50 '0. 16 c
4. 00 14 ' 1. 13 c *
6. 38 70 5. 67 e ***
10. 80 237 19. 21 E
16. 00 616 49. 92 E
25. 08 284 23. 01 :+< :f::+-. :+i










CLASS CLASS 0 1
LIMIT NO. V
0. 050 21 1. 70 E*
0. 100 128 10. 37
0. 150 122 9. 89 e
0. 200 65 • 5. 27 E
0. 250 34 2. 76 : *
0. 300 34 2. 76 c*
0. 350 31 2. 51 c *
0. 400 39 3. 16 E *+
0. 450 45 3. 65 E ++
0. 500 19 1 . 54 E *
0. 550 66 5. 35 E + *
0. 600 100 8. 10 E
0. 658 97 7. 86 E +•+#*
0. 700 131 10. 62 E
0. 750 120 9. 72 E +***+
0. 800 111 9. 00 [ + *:+:*
0. 850 ' 49 3. 97 E **
0. 900 20 1. 62 I *
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A'3.15
SAMPLE ID : A - 4 - 1
DATA COLLECTION FOR 1 2 2 2  PARTICLES
MAX. DIAM. = 1 0 8 .  I S ?  UN N IN . -DIAM. =






0. "980 UN 
STAND. DEV. =
AVERAGE DIAMETER MIN/MAX
MEAN SIGMA MEAN SIGMA
' <UM> aiM>
IS. 22 6. 30 0. 42 G. 256
0. 0 0 8
MAXIMUM DIAMETER 
MEAN SIGMA
<u m > <u m :>
IS. 69 7. SS
FOR ALL TVPES 
AVERAGE DIAMETER CUM!) DISTRIBUTION
CLASS 0 1
-8/*-----0 ------- 0------ '0 ------- u —
CLASS .
LIMIT' NO.
2. 50 0 0. 00 E
4. 00 22 1. 80 E *
6. 30 100 S. IS E
10. 00 282 23. 08 E ************
16. 00 531 43. 45 C * * ** *** **** * * * * * * * * * * * 
25. 00 205 16. 78 E * * * * * ***
40. 00 81 6. 63 E *'**
63. 00 0 0. 00 E‘




 0  0 —  0
FOR ALL TVPES 
MIN/MAX DIRMETER DISTRIBUTION
CL Ab' >_ CLASS 0 1
LIMIT NO. V ------0—
0.050 25 2. 85 E *
0.100 140 11. 46 E ******
0. 150 •119 9. 74 e *****
0.200 72 5. 89 e ***
0.258 52 4. 26 C **
0.300 65 5. 32 E ***
0.350 &7 — ocr J:-. O.J [ **
0.400 59 4 P > 3 E **
0.450 68 5. 56 E ***
0.500 55 • 4. 50 E **
0.550 80 6. 55 E ***
0.600 70 5. 73 E ***
0.650 58 4. 75 E **
0.700 73 5. 9? E ***
0.750 97 ' 7. 94 [ ****
0.800 71 5. 81 E * * *
0.850 40 3. 27 E * *
0.900 29 2. 37 : *
0.950 2 0. 16 E








- 0  0-
10 
— 0
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A 3 . 1 6
SAMPLE ID : A - 4 - 3  7 / 1 0 / 7 7
DATA COLLECTION FOR. 957 PARTICLES
MAX. DIAM. = 12S. 79S UM MIN. DIAM. = 0. 900 UM ■ \




AVERAGE DIAMETER MIN/MAX 
MEAN SIGMA MEAN SIGMA
£  CUM> <UM>
•12. 41 S. 99 0. 43 0. 231
FOR ALL TVPES 
AVERAGE DIAMETER <UM> DISTRIBUTION
MAXIMUM DIAMETER 
MEAN SIGMA 
< UM > < UM >
•17. 73 11. S3
(Cl a s s CLASS 0 1 2  3
[LIMIT NO.
\ 1. 60 0 0. 00 :
2. 50 1 0. 10 c
4. 00 25 2. 61 c +
6. 30 94 Q OO E s+t=+e>H
10. 00 294 !’3R 72 E :+c>fcs+i4;i f : +
16. 00 ■ 337 ^ 5.21 E H : + + ^
25. 09 1 7 ^ IS. 18 E +
X  40. 00 ^ 2 0 2. 89 I +
— 63 (3uS=S- 11 •1. 15 I +











0. 050 17 1. 78 E*
0.10£> 65 6. 79 E +*#
0.150 85 8. 88 E
0.200 57 5. 96 E *+*
0.250 X 6 3. 76 E *+
0.300 68 7. 11 E *++.;+-.
0.350 35 3. 66 E *+
0.400 61 6. 37 E
0.450 65 6. 79 E
0.500 34 3. 55 E ++
0.550 75 7. 84 E +
0.600 108 11. 29 E :+< *:+:%+Jf:
0.650 33 3. 97 E + *
0.760 75 7. 84 E ***::*
0.750 67 7. 00 E + + :+:.+
0.S00 42 4. 39 E
0.850 20 2. 09 [*
0.900 “7r 0. 73 C
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A 3 . 1 7
SAMPLE ID: A-4-5 
DRTR COLLECTION FOR 589 PRRTICLES
.m y . .  DlfiM. = 1 2 1 ."500 UM MIN- DIfiM. =
7 / 1 0 / 7 7
0. 900 UM




AVERRGE DIRMETER MIN/MAX 
MERN SIGMR MERN SIGMR
CUM} CUM}




IS. 06 9. 34
FOR ALL .TYPES 





2. 50 0 0. 00
4. 00 11 1. 87
6. 30 50 8, 49
10. 00 146 24. 79
16. 00 210 35. 65
25. 08 161 27. 33
40. 00 9 1. 53
63. 00 1 0. 1?
100. 00 0 0. 00
























0. 050 16 2. 72 E *
0. 100 5 ^ 10.02 E
0. 158 57 9. 68 E
■ 0. stea 41 6. 36 E +*+
0. 250 24 4. 07 E **
0. 300 31 5. 26 £
0. 350 19 3. 23 E * *
0. 400 2?’ 4. 58 e ++
0. 450 35 5. 94 E +**
0. 500 15 2 . 55 E +
0. 550 34 5 . 77 -E +**
0. 680 45 7. 64 E + : * * *
0. 650 34 5 . 77 E +*:+••
0. ?«€* 61 10.36 E *
0. 750 43 7. 30 E ****
0. 800 30 5. 09 E +■**■■
0. 850 13 .-'* 21 E *
0. 900 4 0.68 E
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A 3 . 1 8
SAMPLE ID : V Y -3
DATA COLLECTION FOR ' 8 1 ?  PA R TIC LES
MAX. DIAM. = 7 8 . 4 8 6  UM MIN. DIAM.
PARTICLES/FRAME: MEAN= .168.400
6 / 1 0 / 7 7
0. 900 UM 







15. 60-' 7. 38
MIN/MAX 
MEAN SIGMA




19. 80 9. 11
FOR ALL TVPES 



















CLRSS 0 1 2 - 3 4
X  B 0-------0------- 0-
0. 00 I 
0 .  4 9  t  
5 .  2 6  C * * *
1(5 2 8  C * * * *  * * * *
37.' 9 4  [  * * * * * * * * * * * * * * * * * * *  
2 9 .  6 2  C + : * * * * +  * *  *  *  *  *  * *  *
9 .  5 5  E * * * * *
0 .  8 6  E
5 6 7 8 9 10
 0 --------0 ------- 0 ------- 0-------0 ------ 0
FOR ALL TYPES 
MIN/MAX DIAMETER DISTRIBUTION
CLASS CLASS ’‘0 1
LIMIT NO. y . ------0 —
0. 050 13 1. 59 [ *
0. 100 67 8. 20 [ ****
0. 150 29 3. 55 E **
0. 200 20 2. 45 E +
0. 250 1? 2. 08 e +
0. 300 '4 1. 10 E +
0. 350 12 1. 47 E*
0. 400 25 3. 06 e **
0- 450 53 6. 49 Z ***
0. 500 9” 2. 82 c*
0. 550 55 6. 73 C ***
0. 600 75 9. 18 z *****
0. 650 70 S. 57 [ ****
0. 700 92 11. 26 E******
0. 750 97 11. 87, [******
0. 800 100 12. 24 c ******
0. 850 4. 53 z **
0. 900 23 2. 82 C *
—0  0~
4 5 6 7 8 9 10
-0--------0 -------0-------0--------0-------0 ----- g
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A 3 . 1 9
SAMPLE ID: YY-41 ±1/10/77
* i
DATA- COLLECTION FOR 804 PARTICLES
MAX. DIAM. = 76. 474 UM MIN. DIAM. = 0. 900 UM
•PARTICLES/FRAME: MEAN= 160,800 STAND. DEV. ^  8.927
PART CHEMICAL • AVERAGE DIAMETER MIN/MAX MAXIMUM DIAMETER
TYPE NAME MEAN SIGMA MEAN bIGMA MEAN SIGMA
<UM> <UM> <UM> <UM>
ALL TYPES 15. 55 7. ,01 0. 44 6. 252 22.-06 9. 87
*
FOR ALL TYPES 
AVERAGE DIRMETER CUM? DISTRIBUTION .
CLASb CLAbb 0 1 2 .4 ,4 5 6 7 8 9 10
LIMIT NO. X ------0-----0-----0-----0-----0---- 0-----0---- 0-----0 -----0o 50 0 0.00 E
4. 00 11 1. 37 E ■i.
6..30 45 5. 60 C
10.00 142 17. 66 E
16. 00 267 33. 21 I + :+: + + >+: H: .+ * •+.
25. 00 249 30. 97 E* if;:+:* ** + *:+; * H; *
40. 00 89 11. 87 E
63. 00 1 0.12 C
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A 3 . 2 0  '
SAMPLE ID : Y Y -4 2
DATA COLLECTION FOR 6 2 2  PA R TIC LES
MAX. DIAM. = 7 3 . 8 2 2 “' UM MIN. DIAM.
PARTICLES/FRAME: MEAN- 124.400
6 / 1 0 / 7 7
0. 900 UM 





MEAN SIGMA MEAN SIGMA
CUM} CUM}
15. 51 7. 44 0. 39 O. 253





FOR ALL TYPES 













2. 50 0 0.00 C
4. 00 ‘ 12 1. 93 C*
6. 30 34 5. 47 [ ■■+■■■+■■*■
10.00 115 IS. 49 C +
16. 010 205 72. 96 [ + * H + + :+•-
25. 00 179 clO. 701
46. 00 74 11.90




CLAS CLA ” i— 0 1
LIMIT NO.
0.050 30 4 •Z'tzL ; +*
0.100 89 ■14 31 ; *******
0.150 61 y 81
0.200 3£i 4 82 #*
0. 250 ■> 70 **
0.2:010 23-' s 70 ; **
0.350 16 £ 57 ' +
0.400 ' 35 5 63: ; ***
' 0.450 39 6 27 ‘ ***
0.508 24. < 36 **
0.550 44 7 07 ] * * *
0.600 48 72 ****
0.650 25 5 63 i ***
0.700 35" 5 63 ***
0.750 42 b -7 cr I •_> ***
0.800 —• Ji- 5 31 ***
0.850 10 1 61 :1:
0.900 4 0 64
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SAMPLE ID : V V -4 3 7 / 1 0 / 7 7
A 3 . 2 1
D ATA C O L L E C T I O N  FOR 8 4 5  P A R T I C L E S  
MAX. D IA M . =  7 6 .  4 7 4  UM ■ ' M IN . D IAM . = 0 .  9 0 O  UM
P A R T I C L E S / F R A M E :
P A R T  C H E M IC A L  
T V P E  NAME
M EAN= 1 6 9 .  0 0 0 S T A N D . DEV.
M I N /M A X  
MEAN S IG M A
A
A LL T V P E S
F O R  A L L  T V P E S  
A VE RA G E  D IA M E T E R  CUM) D I S T R I B U T I O N
A VE RA G E  D IA M E T E R  
MEAN S IG M A
CUM) CUM)
1 6 .  I S  S .  4 4  0 .  4 6  0 .  2 4 7
5 9 .  4 9 8
MAXIMUM D IA M E T E R  
MEAN . S IG M A  
CUM) CUM)
2 2 .  1 7  1 0 .  5 9
C L A S S  ' C L A S S 0  1 2 3
L I M I T  . NO.
i .  6 0 . 0 0 .  0 0 C
2 .  5 0 1 O. 1 2 I
4 .  0 6 1 5 1 .  7 S
6 .  3 0 7 3 3 .  6 4 £ I * * * *
' 1 0 .  0 0 1 3 5 1 5 .  9 8
1 6 .  0 0 2 5 9 3 0 .  6 5
2 5 .  0 0 2 1 5 2 5 .  4 4
0 0 1 4 0 1 6 .  5 7













F O R  A L L  T V P E S  
M IN /M A X  D IA M E T E R  D I S T R I B U T I O N
C L A S S C L A S S 0  1
L I M I T NO. V
0. 0 5 0 2 9 3 .  4 3 [  + *
0 .  1 0 0 7 6 8 .  9 9 £ ***:+:
0 .  1 5 0 3 8 4 .  5 0 c
0 .  2 0 0 3 3 3 .  9 1 E * *
0 .  2 5 0 4 0 4 .  7 3 E
0 .  3 0 0 . 4 2 4 .  9 7 [
0 .  3 5 0 3 2 3 .  7 9 £ * *
0 .  4 0 0 5 4 6 .  3 9
0 .  4 5 0 4 9 5 .  8 0 £
0 .  5 0 0 3 6 4 .  2 6 , £ * *
0 .  5 5 0 6 6 7 .  8 1 ■£ #  +  +  *
0 .  6 0 0 5 9 6 .  9 8 £
0 .  6 5 0 4 8 5 .  6 8 £
0 .  7 0 0 6 5 7 .  6 9 £ -+:+:* +
0 .  7 5 0 7 8 9 .  2 3
0 .  3 0 0 5 0 5 .  9 2 £ * * *
0 .  8 5 0 2 8 3 .  3 1 £ *•+
0 .  9 0 0 2 0 2 .  3 7 C *
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• SAMPLE ID: YY-45
DATA COLLECTION FOR TICLEb
MAX. -DIAM. 76. 474 UM MIN a DIAM.







0, 900 UM 
STAND. DEV. = 60. 789"
AVERRGE DIAMETER MIN/MAX
MEAN SIGMA MERN SIGMA
<UM>




25. 59 11. 19
FOR ALL TYPES 
AVERAGE DIAMETER <UM:> DISTRIBUTION
CLAbb CLAbS 0 1 2  3 4
LIMIT NO. h \ Sm ------0-----0-----0-.----0
2. 50 0 0. 00 C
4. 00 6 0. 96 C
6. 30 26 4. "16 [ **
10. 00 ' 55 8. 80 [
16. 00 172 27. 52 [ :+.■*.+ .* + *:+. +
25. 00 242 38. 72 [ +:jf:if:*;+:** **:+::*;+ + *:+:
40. 00 115 18. 40 [
63. 00 9 1. 44 [*
5 6 7 8 9 10
 0 ------- 0--------g -------g ------- g -----g
FOR ALL TYPES - 
MIN/MAX DIAMETER DISTRIBUTION
CLASS CLASS 0 1 2 3 4 5 6 - 7  8 ' 9  10
»  LIMIT NO. y .  0-----0-----0-----0-----0-----0-----0-----0-----0-----0
0. 050 43 6. 88 [ +:+:*
0. 100 99 15. 84
0. 150 54 8 . 64 [
0. 200 13 2. 08 C*
0. 250 16 2. 56 C*
0. 300 15 2. 40 C *
0. 350 12 1. 92 C*
0. 400 24 3. 84 C **
0. 450 28 4. 48 C **
0. 500 18 i ooo c *
0. 550 30 4. 80 c **
0. 600 42 6. 72 c **+
0. 650 ">"7i 5 .  92 [ **+
0. 700 41 6. 56 [ *++
0. 758 51 8. 16 [ ** + *
0. 800 59 9. 44 [ ++■ + + +
0. 850 23 3. 68 [ -4--4-
0. 900 19 3. 04 c .+*
0. 950 1 0. 16 c
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A 3 . 2 3
S A M FL j£ \ $ D : V V - 4 6  '  . 6 / 1 0 / 7 ?
D R T fl C O L L E C T I O N  F O R  5 1 7  P R R T I C L E S  
MAX. D IR M . =  6 4 .  3 9 9  UM MIN: D IR M . 0 .  9 0 0 .  UM
P R R T I C L E S / F R R M E :  MEAN= 1 0 3 / 4 0 0  ST A N D . DEV. =  \0 .  0 0 0
P R R T  C H E M IC R L  
T V P E  NAME
R L L  T V P E S
M IN /M R X  
MERN S IG M R
A VE RA G E  D IR M E T E R  
MERN S I G M fi
<UM> <UM>
1 4 .  4 6  6 .  8 0  0 .  4 7  0 .  2 3 8
MAXIMUM D IR M E T E R  
MEAN' S IG M R
< UM > <UM>
1 9 .  1 9  8 .  0 7
FOR A L L  T V P E S  
A V E R A G E  D IR M E T E R  <UM ) D I S T R I B U T I O N
C L A S S
L I M I T
C L A S S  0
NO.
5
-------- 0 ------- q-----:_0-------0—----- 0 —
b
.0 -----
2 .  5 0 0 0 .  0 0 c ■/ ■
.4. 0 0 9 1 .  7 4 c *
6 .  3 0 3 1 6 .  0 0 E
1 0 .  0 0 9 3 1 7 .  9 9 E
1 6 . ’ 0 0 2 1 6 4 1 .  7 8 E i t ! * * * . * * * * * * * * * * * * * : * * * *
2 5 . ' 0 0 1 2 7 2 4 .  5 6 E
4 0 .  0 0 3 9 7 .  5 4 E *  +  * *
6 3 .  0 0 n 0 .  3 9 c
10
-0
F O R  R L L  T V P E S  
M IN /M R X  D IR M E T E R  D I S T R I B U T I O N
C L A S S C L A S S 0  1
L I M I T NO. K ------------ 0 .
0 . 0 5 0 6 1 .  1 6 C*
0 . 1 0 0 5 1 9 .  8 6 E
0 . 1 5 0 3 1 6 .  0 0 E * * *
0 . 2 0 0 ' 2 4 4 .  6 4 E **■
0 . 2 5 0 Q 1 .  7 4 C *
0 . 3 0 0 1 4 - 2 .  7 1 C +
- 0 . 3 5 0 1 6 3 .  0 9 E * +
0 . 4 0 0 2 8 5 .  4 2 E + .*+
0 . 4 5 0 3 9 7 .  5 4 E 'M'M >+:*
0 . 5 0 0 2 4 4 .  6 4 E * *
0 . 5 5 0 ,  * 4 2 S . 1 2 E * * * *
0 . 6 0 0 4 3 « 8 .  3 2 E
0 . 6 5 0 3 7 \ 7 .  1 6 E
0 . 7 0 0 4 8 9 .  2 8 E
0 . 7 5 8 5 0 9 .  6 7
?- 8 0 0 3 6 6 .  9 6 E +  +  *
0 . 8 5 0 1 2 2 .  3 2 E +  .
0 . 9 0 0 7 1 .  3 5 E *
2 
. 0 — — 0 —
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A 3 . 2 4
SAMPLE ID: YY-55 7/10/77* r
DRTfl COLLECTION.FOR 648 PARTICLES
MAX. DIAM. = 36. 536 UM- MIN. DIAM. . = ■ 0. 960 UM
PARTICLES/FRAME: MERN= 129.600 STAND. DEV. = . 66.220
PART CHEMICAL AVERAGE DIAMETER MIN/MRX MAXIMUM DIAMETER
TYPE NAME MEAN SIGMA MERN SIGMR MEAN SIGMA
<UM> «CUM> <UM> <UM>
* ALL TYPES 14. 75 8. 28 0. 41 0. 233 21. 57 11. 61
FOR ALL TYPES 
RVERAGE DIAMETER <UM> DISTRIBUTION
9 10
- 0  0


























0 . : 
------(
27 4. 17 E **
52 ' 8. 02 E ****
45 6. 94 [ ***
32 4. 94 E ** •
40 6. 17 E ***
44 6. 79 c ***
25 •&. 86 E**
46 7. 10 £ ****
, 56 8. 64. E ****
26 4. 01 E **
48 7. 41
46 7. 10 e ****
35 5. 40 £ ***
35 5. 40 E * * + ■
45 6. 94 E ***
29 4. 48 E iKH4
9 1. 35 E *
6 0. 93 E




CLASS CLAbS 0 1 - 2  3 4 5 . 6  7 3
-LIMIT NO.----------- -0-----W---- 0-----0-----0-----0--- -0---—  0---
.. o 50 0 0. 00 E
4. 00 18 2. 7S E *
6. 30 66 > *10. 19 E *****
10. 00 150 23. 15 E *****:}<******
16. 00 175 27. 01 E **********;£***
25. 00 155 23. 92 E **********:{:*
40. 00 * 8 0 12. 35 £ ****** —■63. 00 4 > 0. 62 E
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A 3 . 2 5
SAMPLE ID: VV-67 7/10/77
DATA COLLECTION FOR . 1171 PRRTICLES
MAX. DIRM. = 66. 411 UM MIN. DIRM. = 0. 908 -UM . r









< UM > <UM>




21. 12 S. 09
FOR ALL TVPES 
AVERAGE DIAMETER <UM> DISTRIBUTION
CCflSS - CLASS 0 1 2  3 4
LIMIT NO. X ------0-----0-----0-----0--
2. 58 0 0. 00 c
4. 00 4 0.34
6. 30 52 4. 44 E ** (  .
10. 00 126 10. 76 £ *:+:*:+<+ V
± 6 . 00 421 35. 95 £ >f:t::t:if<:f:ft<5f:5f<Jt<:<<;f:jf::f{Jf:jf::f:j+;̂S---- -
25. 80 500 42. 70
.. 40. 80 65 5. 55 £ Jfiifsf:













CLASS CLASS 0 1
LIMIT NO. ■ v/\ ------0--0. 058 4 3 ■ ± :,6 Y £ **
0. 100 . 144 12. 30 £ sfcf-jfc+cif:*
0. 150 73 6. & £
0r 200 ‘ 41 3. 58 £ **
—  0. 250 22 1. 88 e *
0. .500 .19 1. 62 e +-
0. 350 19 1. 62 E *
0. 400 35 2. 99 e *
0. 450 40 3. 42 E
0. 500 35 2. 99 C *
0. 558 54 4. 61 E
0. 600 88 7. 51 [
0. 650 81 6. 92 £ if**
0. 700 107 9. 14 £ *+:***
0: 750 125 10. 67 £ *****
0. 800 136 11. 61 £ **>t:***
0. 850 76 6. 49 £ ***
0. 900. 31 3. 65 £ *
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f
A 3 . 2 6
SAMPLE ID : Y Y -6 8  • 7 / 1 0 / 7 7
DATA COLLECTION FOR ‘ 1054 PARTICLES
MAX. DIAM. = 72. 549 UM MIN. DIAM. = 0. 900 UM
PARTI.CLES/FRAME: MEAN= 210.800 STAND. DEV.- 81.500
PART CHEMICAL AVERAGE DIAMETER MIN/MAX MAXIMUM DIAMETER
TVPE NAME s MEAN SIGMR MEAN SIGMR MEAN SIGMA
<UM> <UM> <UM> <UM>
RLL TVPES 13. 98 5. 51 0. 49 0. 253 18. 63 7. 66
FOR ALL TYPES 
AVERAGE DIAMETER <UM> DISTRIBUTION
CLAS;> CLASS 0 1 2 3 4 5 6 7 S 9 10
LIMIT NO. 7 .  0---- 0---- 0---- 0---- 0---- 0---- 0---- 0---- 0---- 0
2. 50 0 0. 00 *
4. 00 11 1.04 E*
6. 30 53 5. 03 E ***
10. 00 . 17S •16. 89 [ ********
16. 00 480 45. 54 E ***********************
25. 00 305 28. 94 E * * ** * ****:*****
40. 00 22 2,09 c*
63. 00 5 0.47 c
FOR ALL TYPES
MIN/MAX DIAMETER DISTRIBUTION
CLASS CLASS 0 1 2 S  4 5 6 • 7 8 9 10
LIMIT NO. 7 .--- 0---- 0---- 0---- 0---- 0---- 0---- 0---- 0---- 0---- 0
0 . 0 5 0 1 4 ± :  3 3 E *
0 . 1 0 0 1 0 6 1 0 .  0 6 E * * * * *
0 . 1 5 0 7 0 . 6 .  6 4 E * * *
0 . 2 0 0 4 0 3 .  8 0 E * *
0 . 2 5 0 2 5 2 .  3 7 E *
0 . 3 0 0 2 5 2 .  3 7 E *
0 . 3 5 6 3 5 3 .  3 2 E * *
0 . 4 0 0 3 9 3 .  7 0 E * *
0 .  4 5 0  ■ 5 4 5 . .  1 2 E * * *
0 . • 5 0 0 2 4 2 .  2 8 C *
0 . 5 5 0 6 9 6 .  5 5 E * * *
0 . 6 0 0 9 2 S .  7 3 E * * * *
0 . 6 5 0 6 3 5 .  . 9 3 E * * *
0 .  7 0 0  ' 1 0 7 1 0 .  1 5 ■ E * * * * *
0 . 7 5 0 1 3 1 1 2 .  4 3 E * * * * * *
0 . 8 0 0 9 8 9 .  3 0 E * * * * *
0 . 8 5 0 4 0 3 .  8 0 E * *
0 . 9 0 0 2 1 1 .  9 9 E +
0 . 9 5 0 1 0 .  0 9 E
V
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
%
A 3 . 2 7
SAMPLE ID : Y Y -7 1  7 / 1 0 / 7 7
DATA COLLECTION FOR 838 PARTICLES.
MAX. DIAM. = 108. 673 UM MIN. DIAM. = 0. 900 UM
3PARTICLES/FRAME: . MEAN=. - 167. 600 STAND. DEV. = 62. 443
PART CHEMICAL AVERAGE DIAMETER MIN/MAX MAXIMUM DIAMETER
TVPE NAME MEAN SIGMA MEAN SIGMA MEAN SIGMR
<UM> <UM} <UM> <UM>
RLL TYPES " 17. 44, ' 7. 27 0. 43 0. 285 23. 76 10. 43
CLASS CLASS 0 1 2 3 4 5 6 7 8 9 10
LIMIT NO. y .  G 0---- 6---- 0---- 0---- 8---- 0---- 0---- 0---- 0
2. 58 0 8. 00 C
4. 80 16 1. 91 C * '
6. 38 ’ 24 O S6 E*
18. 00 85 10. 14 E ****:+:
16. 00 259 30. 91
25. 08 314 37. 47
48. 00 137 16. 35
63. 00 jC 0.36 1
FOR ALL TYPES
MIN/MAX DIAMETER DISTRIBUTION
CLASS CLASS 8 1 2  3 - 4  5 6 7 8 9 10
LIMIT .NO. ’ y . ----- 0---- 0---- 0---- 0---- 0---- 0---- 0---- 8---- 8---- W
0. 058 60 7. 16 e
0. 100 142 16. 95 E
0. 158 • 53 6.32 E
0. 200 30 3. 58 C * *
0. 250 15 1. 73 t *
0. 380 25 2. 98 c +
0. 350 19 2. 27 c *
0. 480 23 2. 74 e *
0. 450 28 2 . 34 I  +■+■
0. 580 17 2. 03 E +
0. 550 51 6.09 E -MM-*-
0. 600 52 6.21 E ***.
0. 650 51 6. 03 E
0. 700 74 8.83 E
0. 750 78 9. 31 E +.+.**:+■.
0. 800 66 7. 88 E Hon**
0.850 31 3, 70 E * *
0. 900 22 2. 63 E *
0. 950 1 0. 12 C
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A 3 . 2 8
SAMPLE ID: YV-72 ±1/10/7?
DATA COLLECTION FOR 740 PARTICLES
MAX. DIAM. = 64. 399 UM MIN. DIAM. = 0. 90S UM




AVERAGE DIAMETER MIN/MAX 
MEAN SIGMA MEAN SIGMA
tUM> <UM>




20. 91 8. 3S
FOR RLL TYPES-
RVERAGE DIAMETER <UM> DISTRIBUTION
, *-
CLASS CLASS 0 /  1 2  3 '
LIMIT NO. v — 0— Q— 0— i
2. 50 0 0. 80.
4. 00 oU 1. 08 z *
6. 30 42 5. 68 c **+
10. 00 113 15. 27 E +
16. 00 221 29. 36 E * : + : if;:****
V 25. 00 284. 38. 33 [ :+i ^
40. 00 70 9. 46 E + + :■(<>}<*







FOR ALL TYPES 
MIN/MAX DIAMETER DISTRIBUTION
vCUASS CLASS 0 1
LIMIT NO. X ------0—
0. 050 24 3. 24 c **
0. 100 37 11. 76
0. 150 61 ' S. 24 E *
0. 200 32 4. 32 E * *
0. 250 19 2. 57 E *
0. 308 12 1. 62 e *
0. 350 19 2. 57 c*
0. 400 18 2. 43 [*
0. 450 39 5. 2? E +•++
0. 500 19 2. 57 E*
0. 550 42 5. 68 C +++
0. 600 60 8. 11 E
0. 650 38 5. 14 E +++
0. 700 62 8. 38 E +
0. 750 ci7 11. 76 E ***:*+ +
'0. 800 77 10. 41 E :+: :+:.+•
.• 0. 850 34 4. 59 E **
■ 0. 900 ' 9 1. 22 E*







----0 -------0------- 0 ------
9 10
-0 0
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A 3.29
SAMPLE ID : V V -7 5  -  2 9 / 1 0 / 7 7
D A T A  C O L L E C T I O N  FO R  1 7 2 5  P A R T I C L E S  
MAX. D IA M . =  8 6 .  5 7 6  UM MIN. D IAM . =  0 .  9 0 9  UM
P A R T I C L E S / F R A M E :  M EAN= 2 6 5 . 0 0 0  S T A N D . DEV. =  8 3 .  S 7 8
P A R T  C H E M IC A L  
T V P E  NAME




1 5 .  2 2  5 .  2 7  8 .  5 7  0 .  2 6 7
M IN /M A X  
M E A N -S IG M A
MAXIMUM D IA M E T E R  
MEAN S lG M A
<UM>
2 0 .  2 4
aiM)
8 .  9 1
FOR AILLT T V P E S  
A VE RA G E  D IA M E T E R  ( U N )  D I S T R I B U T I O N
C L A S S
L I M I T NO.
C L A S S
V
0  1 2  3  4  
-------------- 0 ----------- 0 ----------- 0 ----------- 0 .
2 .  5 0 0 0 .  0 9 :
4 .  0 0 6 0 .  4 5 c
6 .  3 0 4 3 3 .  2 5 c **
1 0 .  0 0 1 7 1 1 2 .  9 1 [ *  + +
1 6 .  0 0 5 2 7 3 9 .  7 7 c + + +.+ :+<:+:+
2 5 .  0 0 5 3 1 4 0 .  0 8 [ ++:+: + * :+: :4< :+■+ : + :  +
4 0 .  0 0 4 7 3 .  5 5 :** 0
5  6  7  8  9  1 0
 0 --------0------- 0 -------0 ------- 0------ 0
f
FO R  A L L  T V P E S
M I N /M A X  D IA M E T E R  D I S T R I B U T I O N
C L A S S  
LIMIT 
0 .  0 5 0  
0. 100 
0 .  1 5 0
0. 200sf
2 5 0
y .  300
0. 2 5 0  
0 .  4 0 0  
0. 4 5 0  
0 .  5 0 0  
0. 5 5 0  
0 .  6 0 0  
0 .  6 5 0  
0 .  7 0 0  
0 .  7 5 0  
0 .  8 0 0  
0 .  8 5 0  
0 .  9 0 0  






















2 .  9 4  
8 .  6 0  
6 .  9 4  
2 .  2 6  
2 .  9 4
1 .  8 9
2 .  7 4  
2 .  0 9  
2 .  9 2
2 .  1 9  
4 .  4 5  
6 .  6 4  
6 .  0 4  
9 .  3 6
1 3 .  9 6
1 4 .  9 4  
4 .  9 8
3 .  8 5  
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A 3 . 3 0
SAMPLE ID : V 1—76 11/10.
DATA COLLECTION FOR 1010 PARTICLES
MAX. DIAM. - 76. 367 UM MIN. DIAM. = 0. 900 UM
PARTICLES,-' F R A M E : MEAN= 202 . 000 STAND. DEV. =
PART CHEMICAL AVERAGE DIAMETER MIN/MRX
TYPE -NAME MEAN SIGMA MEAN SIGMA
aiM> <]JM>
ALL. TVPES 15. 78 6. 67 G. 47 0. 261
FOR ALL TYPES
AVERAGE DIAMETER <UM> DISTRIBUTION
CLASS ' CLASS 0 1 2 3 4 5
LIMIT- NO. ------0— --0-----0-----0-----0 -----
2. 50 0 0. 00' C
4. 00 15 1. 49 £*
6. 3Q ■ 61 6.' 04 e ***
10. 00 129 12. 77 £ *.■+:
16. 00 350 34. 65 £ + •+:+: :+<.+
25. 00 370 36. 63  ̂ -f; -'-H .+ *:+: + + * + *
40. 00 R7 8. 22
63. 00 £ 0. 20 c
FOR ALL TYPES
MIN/MAX DIAMETER DISTRIBUTION
CLASS CLASS 0 1 2 3 4 5
LIMIT NO. V
0. 050 33 3. 27 £ .+ +
0. 100 114 11. 29 £ + + +
0. 150 61 6. 04 £ ***
0. 200 35 3. 47 C *+
0. 250 27 2. 67 I *
0. 300 35 3. 47 £ + * S
0. 350 -7 3. 66
0. 400 OO 2. 77 X +
0. 450 48 4. 75 £ **
0. 500 40 3. 96 £ **
0. 550 54 5. 35 £ *** '
0. 600 98 9. 70 £
0. 650 56 5. 54 £
0. 700 90 0. 91 £ .
0. 750 97 9. 60
0. S00 84 8. 32 £
0. S50 52 5. 15 £ ***
0. 900 17 1. 63 £ H:
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A 3 . J 1
SAMPLE ID : V V -7 7
DATA COLLECTION FOR 1 2 2 5  PA R TIC LES
MAX. DIAM. = 9 8 . 6 1 1  UM MIN. DIAM. =






MERN= 204. 167 STAND. DEV. =
AVERAGE DIAMETER MIN/MAX 
MEAN SIGMA MEAN SIGMA
CUM? CUM5





21. 44 9. 57
FOR ALL TVPES 
AVERAGE DIAMETER CUM? DISTRIBUTION
:LASS CLASS 0 1 2 3 4
.IMIT NO. y . —  0-
2. 50 0 0. 00 C
4. 00 5 0. 41 E
6. 30 46 3. 76 E **
10. 00 166 13. 55 C *******
16. 00 390 31. 84 [ ****************
25. 00 509 41. 55 C *********************
40. 00 105 8. 57 c ****









FOR ALL TVPES 
MIN>MAX DIAMETER DISTRIBUTION
CLASS CLASS 0 1 2 3 4 ' 5  6 7 8 9 1 0
LIMIT NO. V. ---------0------- 0------- 0------ -0------- 0------- 0 ------- 0 ------- 0------- 0------- 0
0.050 39 3. 18 [  **
0. 100 124 10. 12 E *****
0.150 74 6. 04 c ***
0.200 37 3. 02 E **
0.250 16 1. 31 E*
0.300 25 2, 04 C *
0.350 24 1. 96 E *
0.400 ' 36 2. 94 c *
0.450 44 3. 59 c **
0.500 28 2.-29 E*
0.550 73 5. 96 [ ***
0.600 101 & ? 24 [ ****
0.650 66 5. 39 [ ***
0.700 111 9. 06 [ * * * * *
0.750 157 12. 82 [ ******
0.800 152 12. 41 [ ******
0.850 86 7. 02 [ ****
0.900 30 2. 45 E*
0.950 2 0. 16 E
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A 3 . 3 2
SAMPLE ID: VV-78 20/10/77
DATA COLLECTION FOR 978 PARTICLES /
MAX: DIAM. = 68. 424 UM MIN. DIAM. =■' 0. 900 UM








MEAN SIGMA MERN SIGMA
,<UM>
18. 13 6. 85 0. 53 0. 278
<UM>.
9. 66
FOR ALL TVPES 
AVERAGE DIAMETER <UM> DISTRIBUTION
CLASS CLASS 0 1 2 3 4 5 6 7 8
LIMIT NO. * i ----- 0---- 0---- 0—— -0---- 0---- 0 — — 0---- 0
2. 50 0 0. 00 E ,
4. 00 9 ■0." 92 E i
6. 30 ■—> "7* 1 •i.. i o E + \
10. 00 87 8. 90 [ ++++ \_
16. 00 26. 89 [ :+:** + + + +■ +::+<:+:
25. 00 441 45. 09 C •+: +' '+■ :+■' ■+< •+< *  ■+: •■+< :-K ■+: :-K.+'+ ++ + +'••+:
40. 00 145 14. 83 E





FOR ALL TVPES 
MIN/MAX DIAMETER DISTRIBUTION
CLASS CLASS 0 1
LIMIT NO. V * ----- 0—
0. 050 39 3. 99 [ +*
0. 100 101 10. 33 E +•+**+
0. 150 60 6. 13 E +#*
0. 200 24 2. 45 C *
0. 250 14 . 1. 43 E*
0. 200 14 1. 43 E*
0. 350 19 1. 94 C *
0. 400 24 2. 45 C *
0. 450 34 3. 48 E
0. 500 20 2. 04 E*
0. 550 38 3. 89 E ++•
0. 600 68 6. 95, E +
0. 650 54 5. 52 [ .++•+
0. 700 98 10. 02 E +*•+++
0. 750 112 11. 45 E * + +
0. 800 121 12. 37 [ + ***:+: +
0. 850 92 9. 41 E +
0. 900 41 4. 19 E **
0. 950 5 0. 51 E
2 3 4
 0  0  0—
5 
— 0- ----0------- 0------- 0 ------- 0------- 0
10
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A 3 . 3 3
S A M P L E 'ID : V V - 8 6  EACH ■
DATA COLLECTION FOR 1 0 5 1  PA R TIC LES
MAX. DIAM. =  6 8 .  4 2 4 /  UM MIN. DIAM. =
MEAN= 210. 200






STAND. DEV. = 37. 825
AVERAGE DIAMETEF?
MEAN SIGMA
<UM> < m >






19. 92 ' 7. 52
FOR ALL TVPES 
AVERAGE DIAMETER <UM> DISTRIBUTION
CLASS CLASS 0 1 2 4 5
LIMIT NO. ’------0-----0—
2. 50 0 0. 00 C
4. 00 13 1. 24 E *
6. 30 60 5. 71 E *+*
10. 00 168 15. 98 C ********
16. 00 359 34. 16 E *****************
25. 00 486 38. 63 C *******************
40. 00 43 4. 09 E**
63. 00 o 0. 19 t -
FOR ALL TVPES
1 IN/MAX DIAMETER DISTRIBUTION'.
CLASS CLASS 0 1 2 4 5
LIMIT NO. X ------0-----0—
0. 050 0 0. 00 C
0. 100 137 13. 04 E +*+***+ *7
0. 150 123 11. 70 E ******
0. 200 47 4. 47 E **
0. 250 34 3. 24 E **
0. 300 42 4. 00 C**
0. 350 27 2. 57 E *
0. 400 31 2. 95 E *
0. 450 39 3. 71 E **
0. 500 21 2. 00 E *
0. 550 51 4. 85 E **
0. 600 60 5. 71 E *** /
0. 650 43 4. 57 C ** {
0. 700 81 7. 71 E **** \
0. 750 103 9. 80 E *****
0. 300 109 10. 37 E *****
0. 350 59 5. 61 C ***
0. 900 30 2. .85' E*
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(  A 3 . 3 ^
SAMPLE ID”: V V -S 9  .
D A T A  C O L L E C T I O N  FO R  1 0 9 4  P A R T I C L E S  
MAX. D IA M . =  7 9 .  2 0 0  UM M IN . DIRM.' =
7 / 1 0 X 7 7
0 .  9 0 0  UM
P A R T I C L E S / F R A M E :
P A R T  C H E M IC A L  
T V P E  NAME
A L L  T V P E S
M ERN= 2 1 8 .  8 0 0 S T A N D . DEV.
A V E R A G E  D IA M E T E R  M IN /M R X  
MEAN S IG M A  MEAN S IG M A
<UM> a iM >
1 6 .  3 S  6 .  9 5  ' 0 .  5 1  0 .  2 5 7
0 . 000
MAXIMUM D IA M E T E R  
MEAN S IG M A
<UM> < UM >
2 1 .  2 6  9 .  0 2
FOR A L L  T V P E S  
A VERA GE D IA M E T E R  <UM> D I S T R I B U T I O N
C L A S S  C L A S S  0  1 2  2  4
L I M I T  NO. — -— 0 ----- O  0 -----0 -
2 .  5 0  0  0 .  0 0  [
4 .  0 0  1 1  1 .  0 1  E *
6 . 2 8  5 0  4 .  5 7  E * *
1 0 .  0 0  1 4 1  1 2 .  8 9  E * * * * * *
1 6 .  0 0  2 8 4  2 5 .  1 0  E * * * * * * * * * * * * * * * * * *
2 5 .  0 0  2 6 9  2 2 .  7 2  E * * * * * * * * * * * * * * * * *
4 0 .  0 0  1 2 8  1 2 .  6 1  E * * * * * *






7  8  9  1 0
 0-------- 0------- 0-------0
FO R  A L L  T V P E S  
M I N /M R X  D IA M E T E R  D I S T R I B U T I O N
C L A S S C L A S S 0 IV.
L I M I T NO. V. ------------ 0 -
0 .  0 5 0 2 9 2 .  6 5 E *
0 . 1 0 0 1 0 7 9 .  7 8 £ * * * * *
0 .  1 5 0 6 0 5 .  4 8 E * * *
0 . 2 0 0 3 4 3 .  1 1 E * *
0 .  2 5 0 1 8 1 .  6 5 E *
0 . 3 0 0 1 9  ̂ 1 .  7 4 E *
0 .  2 5 0 2 6 2 .  3 8 E *
0 .  4 0 0 2 7 • 2 .  4 7 E *
0 .  4 5 0 5 5 5 .  0 3 E * * *
0 .  5 0 0 3 9 2 .  5 6 E * *
0 .  5 5 0 7 4 6 . 7 6 [  * * *
0 . 6 0 0 9 0 p .  2 3 [  * * * *
0 .  6 5 0 7 5 6 . 8 6 E * * *
0 .  7 0 0 1 0 6 9 .  6 9 E * * * * *
0 .  7 5 0 1 3 7 1 2 .  5 2 E * * * * * *
0 . 8 0 0 112 1 0 .  2 4 [ * * * * *
0 .  8 5 0 5 6 5 .  1 2 E * * *
0 .  9 0 0 2 4 2 .  1 9 E *
0 .  9 5 0 6 0 .  5 5 E
. 2  4  5
 0----0----Q----0----0-- 7  8  9  1 0 0 -------------------0 ------------------ 0 -----------------0 .
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A 3 . 3 5
SAMPLE ID: YY-90 6/10/77
DATA COLLECTION FOR 895 PARTICLES 
MAX. DIAM. = 86. 400 UN MIN. DIAM. = 0. 900 UN









MEAN SIGMA MEAN' SIGMA
<UM> <UM>
15 0. 4S 6. 257 26.'61 11. 15
FOR ALL TYPES 
AVERAGE DIAMETER <UM> DISTRIBUTION *
:LAbS CLRSS 0 1 2  3 4
. IMIT NO.
2. 50 0 0. 00' Z
4. 00 f* 0. 78 C
6. 30 54 6. 03 L *** ^
10. 00 173 19. 33 Z **********
16. 00 343 38. 32 c*******************
25. 00 217 24. 25 E ************
40. 00 97 10. 84 £ *****
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A 3 . 3 6
SAMPLE ID : V V -9 2
DATA COLLECTION FOR 1151 PARTICLES
MAX. DIAM. = 84. 523 UM MIN. DIAM. =
7 / 1 0 / 7 7
0. 900 UM
P A R T I CLES/FRRME: MERN= 230.200
\





MEAN • SIGMA 
<UM> <UM>






' 18. 10 S. 69
FOR ALL TVPES 



















1. 60 0 0. 00 Z
2 50 1 0. 09 Z
4. 00 14 1. 22 E*
6. 30 82 7. 12 £
10. 00 240 20. S5
16. 00 480 41. 70
25. 00 272* 23. 63 Z * *+■■+:tf. t+r+ t+r
40. 00 61 5. 30 £ sH+jK
63. 00 ' 1 0. 09 Z
FOR ALL TVPES 
MIN/MAX DIAMETER DISTRIBUTION
CLASS CLASS 0 1
LIMIT NO. y .
0. 050 24 2. 09 Z *
0. 100 99 ' 8. 60 c
0. 150 71 6. 17 c * * *
0. 200 3 1 2. 69 z  +
0. 250 33 2. 87 c *
0. 300 34 2. 95 c *
0. 350 27 2. 35 z *
0. 400 . 3 s 3. 04 z  *■+■0. 450 72 6. 26 z ***
0. 500 , 27 2. 35 c *
' 0. 550 67 - 5. 82 Z '*■ *■ ■■¥
0. 600 102 • S. 86 [ * * * *
0. 650 99 8. 60 I * * * *
0. 700 132 11. 47
0. 750 140 12. 16 Z : V - *
800 97 8. 43 £l &
0. 850 45 3. 91 Z # +
0. 900 15 1. 30 c*
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A 3 . 3 7
SAMPLE I D :  Y Y -9 8  ' ' 6 / 1 0 / 7 7
DATA COLLECTION FOR 977 PRRTICLES ' - ' ’ *
MAX. DIAM. = 88: 548 UM MIN. DIflM. = ** 0. 900 UM
. « * 4
PARTICLES/FRAME: MERN= 195. 400 STRND. DEV. = 50. 143
PRRT CHEMICRL RVERRGE DIRMETER MIN/MRX MAXIMUM DIRMETER
TYPE NRME ,.ME£N SIGMR MERN 5IGMR MERN SIGMR
<UM> CUM> < UM > <UM>
ALL TYPES 14. 67 ’ 5. 66 0. 49 0. 250 19. 77 i S. 11
'f o r  a l l  t y p e s
RVElRRGE DIRMETER <UM> DISTRIBUTION
 :  *
$ 6 7 . 8  9 10
 01---------0------0----------0--------0------- 0
CLRSS ' CLRSS 0 1 2 3 4 ■
LIMIT NO. X _ _ _ _ _ 0---- 0-----0-----0_
'1. 60 0 0. 00 E ■
2. 50 1 0. 10 E
4. 00 7 0. 72 E
6. 30 51 5. 22 E ***
10. 00 147 15.. 05 [********
16. 00 398 40'. 74 £ ********************'
25. 00 348 34. S0 E *****************
40. 00 31 3. 17 E **
63. 00 2 0. 20 E
/
FOR ALL TVPES 
MIN/MRX DIRMETER DISTRIBUTION
CLRSS CLRSS 0 1 *2 3 4 5 6 7 8, 9 10
LIMIT NO. X -------- 0 ------- 0 ------- 0 ------- 0 -------0 ------- 0 ------- 0------- <3------- 0------- 0«■0. 050 10 1. 02 I *
0! 100 71 7. 27 C ****
0. 150 85 8. 70 E ****
0. 200 47 ^4. 81 E **
250 25 2. .56 . E *
0.^300 38 i 3. 89 E **
0. 350 34 '■l3. 48 E **
0. 400 43 4. 40“ E** \
0. 450 47 • 4. 81 E ** t
0. 500 40 4. 09 E** ^
0. 550 52 5. 32 C ***
0. 600 73*1 7, 47 E****
0. 650 63 6. 45 E ***
0. 700 88 9.. 01 E *****
0. 750 106 10. 85 E *****
(  0. 800 100. 10. 24 E ******
0. 850 41 . 4. 20 E **
0. 900 13 1. 33 E *
950 1 0. 10 E
/
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SAMPLE I D : ' V V - 1 0 4 7/10/77
D ATA C O L L E C T I O N  F O R  9 6 1  P A R T I 'C L E S  
MAX. D IA M . =  1 5 2 .  9 4 7  UM M IN . D IA M . = 0 .  9 0 0  UM
P R R . T I C L E S / F R A M E : MEAN= 1 9 2 .  2 0 0  S T A N D . DEV. =  0 .  0 0 0
P A R T  C H E M IC A L  
T V P E S  NAhfik
A L L  t V P E S
AVERA GE D IA M E T E R  M IN /M A X  
MEAN S IG M R  MEAN S IG M A
CUM) CUM)
1 6 .  5 1  9 .  5 4  0 .  4 6  0 .  2 5 3
MAXIMUM D IA M E T E R  
MEAN S IG M A
CUM)  
2 3 .  7 1
CUM)
1 8 .  2 4
FOR A L L  T V P E S  
A VERAGE D IA M E T E R  CUM) D I S T R I B U T I O N
C L A S S C L A S S 0  1  2  3
L I M I T NO. --------------------- , 0 ----. —Q ̂ .
2 .  5 0  







6 .  3 0 6 8 7 . 0 8 c * * * *
1 0 .  0 0 1 5 7 1 6 . 3 4 E * * * * * * * *
1 6 .  0 0 2 9 1 3 0 . 2 8 E * * * * * * * * * * * * * * *
2 5 .  0 0 3 0 4 3 1 . 6 3 E * * * * * * * * * * * * * * * *
4 0 .  0 0 1 0 0 1 0 . 4 1 c * * * * *
6 3 .  0 0 2 1 2 . 1 9 [ *











FO R  A L L  T V P E S  
M IN /M A X  D IA M E T E R  D I S T R I B U T I O N
C L A S S  C L A S S  0  1  2  3  4  5  6  7  8  9
L I M I T  NO. '/.  0 ----------- 0 ----------- 0 ----------- 9 ----------- 0 ----------- 0 ----------- 0 ----------- 0 ----------- 0 —
0 .  0 5 0 3 4 / 5 4 £ * *
0 . 1 0 0 8 4 8 . 7 4 £ * * * *
0 .  1 5 0 6 3 6 . 5 6 £ * * *
0 . 2 0 0 4 0 4 . 1 6
0 . 2 5 0 3 8 3 . 9 5 £
0 . 3 0 0 3 7 3 : .  8 5 £ * *
0 .  3 5 0 3 5 3 . 6 4 £ + *
0 .  4 0 0 3 6 3 . 7 5 n * *
0 . 4 5 0 6 7 6 . 9 7 c * * *
0 .  5 0 0 3 4 3 . 5 4 . e * *
0 .  5 5 0 6 4 6 . 6 6 £ * * *
0 . 6 0 0 7 8 8 . 1 2 £ H o f * *
0 .  6 5 0 * 5 4 5 . 6 2 £ >*<**
0 . 7 0 0 8 6 S. 9 5 £ * * * *
0 .  7 5 0 9 4 9 . 7 8 [ * * * * *
0 . 8 0 0 6 3 6 . 5 6 £ * * *
0 .  8 5 0 3 5 3 . 6 4 £ Hof-
0 . 9 0 0 1 8 1 . 8 7 1 1 *
0 .  9 5 0 1 0 . 1 0 £
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A 3 . 3 9*
SAMPLE ID : V V -1 0 5  ^ 6 / 1 0 . -
v.
DATA COLLECTION FOR- ; 1106 PARTICLES 
MAX: DIAM. = 98. 611 UM MIN. DIAM. = 8. 900 UL




AVERAGE DIAMETER MIN/MAX 
, MEAN SIGMA MEAN SIGMA
<UM> <UM>




19. 90 9. 94
•FOR ALL TYPES 
AVERAGE DIAtfEijrER <UM> DISTRIBUTION
_ASS CLASS 0 1 2  .3 4 .5 S i'
IMIT NO. X ------0-----g-----g--- -0--- ~£i---- 0--- -0—
2.- 50 0 0. 00 ,E , -A'4. 00 12 1. OS I :+=
6. SO c* r' 7. 87 [ +
10. 00 197 17. Bl £
16. 00 423 38. 25 E : + . +  :)■* k
25. 08 341 30. 83 £ :+: + • +  if:
40. 00 39 3. 53 C





CLASS CLASS 0 1
LIMIT NO. V -.--- Q_
0. 050 25 2. 26 c *
0. 100 135 12. 21 [ *:***++
0. 150 101 9. 13 [
0. 200 53 4. 79 C H:*
0. 250 41 3:. 71 [
0. 300 58 4. 52 [ :f +
0. 350 47 . 4. 25 C * +
0. 400 47 4.’25 [
0. 3-50 57 5. 15 [ *+ +
0. 500 30 2. 71 c *
0. 550 56 5. 06 [ ***
0. 600 88 7. 96 I + + + +
0. 650 57 5. 15 C *■■+: +
0. 700 '-»_!■ 7. 58 [ + +
- 0. 750 y 7. 50 [
0. 800 96 S. 68 [ X .-W M
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A 3 .^o
SAMPLE ID : Y Y -1 0 6  6/10/77
DATA C O L L E C T I O N  F O R  8 9 4  P A R T I C L E S  
MAX. D IA M . =  7 6 .  4 7 4  UM M IN . D IA M . =  0 .  9 0 0  UM
MEh N =  1 7 8 .  8 0 0  S T A N D . DEV . =  8 2 .  7 7 6P A R T I C L E £ / F R A M E :
PA R T  C H E M IC A L  
T Y P E  NAME
- A L L  T Y P E S
A VE RA G E  D IR M E T E R  M IN /M A X  
MEAN . S IG M A  MEAN S IG M A
<UM> <UM>
-13. 5 1  5 .  3 0  0 .  4 6  0 .  2 5 4
MAXIMUM D IA M E T E R  
MEAN S IG M R
XUM>
I S .  1 9
<U M )
7 29
F O R  A LL T Y P E S
A V E R A G E -D I A M E T E R  CUhD D I S T R I B U T I O N
C L A S S 10







6 .  3 0  
10. 00
6 .  7 1  E 










4 0 .  7 2  
2 9 .  9 8  
2 . 01 E *
*
F O R  A L L  T Y P E S  
M IN /M A X  D IA M E T E R  D I S T R I B U T I O N
C L A S S C L A S S 0  1
L I M I T NO. V ------------ 0 -
0 .  0 5 0 1 4 1 .  5 7 e *
0 .  1 0 0 1 0 2 1 1 .  4 1
0 .  1 5 0 7 1 7 .  9 4 E * * * *
0 .  2 0 0 4 9 5 .  4 8 E + * *
0 .  2 5 0 1 9 2 .  1 3 E *
0 .  3 0 6 3 0 3 .  3 6 E
0 .  3 5 0 2 6 2 .  9 1 E *
0 .  4 0 0 2 8 3 .  1 3 [  rjyt:
0 .  4 5 0 4 0 4 .  4 7 E * *
0 .  5 0 0 3 0 S. 3 6 c ** .
0 .  5 5 0 7 0 7 .  8 3
0 .  6 0 0 8 7 9 .  7 3 c + * + + +
0 .  6 5 0 5 8 6 .  4 9 e * * *
0 .  7 0 0 7 8 8 .  7 2 E
0 .  7 5 0 8 3 9 .  2 8 E +  +  * * *
0 .  8 0 0 ' 7 4 8 .  2 8 E #
0 .  8 5 0 2 4 2 .  6 8 e +
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A 3 ^ i
SA M PL E  I D :  V V - 1 G S  "
DATA C O L L E C T I O N  FO R  7 8 4  P A R T I C L E S . -  
MAX, D IR M . =  8 6 .  5 5 0  UM M IN. D IR M . =
P A R T I C L E S / F R A M E : ' M EflN= 1 5 6 .  8 8 0
6 / 1 0 / 7 7
0 .  9 0 0  UN  
S T R N D . DEV. =  0 .  0 0 0
P R R T  C H E M IC R L  
T V P E  NRME
R L L  T V F E S
AVERA GE D IA M E T E R  M IN /M A X
MERN S IG M R  ' MERN S IG M R
< u m x . UM >
1 3 .  6 0  5 .  7 0  8 .  4 6  0 .  2 5 7
MAXIMUM D IR M E T E R  
MEAN -  S IG M R  
■CUM) ’ <UM>
1 8 .  5 1  S .  5 7
F O R  R L L  T V F E S  
A VERAGE D IA M E T E R  <UM> D I S T R I B U T I O N
C L A S S
L I M I T NO.
C L A S S 8  1  2  3
2 .  5 0 0 0 .  0 0 [
4 .  0 0 1 0 1 .  2 8 E *
6 . 3 0 5 0 6 .  3 8 [  + * *
1 0 .  0 0 1 7 0 2 1 .  6 S [ +  *  +  +
1 6 .  0 0 3 0 1 3 8 .  3 9 [
. 2 5 .  0 0 2 2 9 2 9 .  2 1 £ :+■: rf: :f. j+t
4 0 .  0 0 2 3 2 .  9 3 C *
6 3 .  0 0 1 0 .  1 3 C








F O R  A L L  T V P E S  
M IN /M A X  D IR M E T E R  D I S T R I B U T I O N
C L A S S C L R S S 0  1
L I M I T NO. y. ------------ 0 .
0 . 0 5 0 2 0 2 .  5 5 [ *
0 . 1 0 0 7 6 9 .  6 9 [  * + + •+ +
0 . 1 5 0 7 4 9 .  4 4 Z
0 . 2 8 0 3 4 4 .  3 4 z * *
0 . 2 5 0 2 5 3 .  1 9 c **
0 . 3 0 0 2 3 2 .  9 3 c*
0 . 3 5 0 3 0 3 .  8 3 1 +■*■
0 . 4 0 0 3 0 3 .  8 3 z +-*•
0 . 4 5 0 3 6 4 .  5 9 E ••+:*
-0. 5 0 0 2 3 2f. 9 3 z +
0 . 5 5 0 5 9 7 .  5 3 c + . + * *
0 . 6 0 0 6 3 8 .  0 4
0 . 6 5 0 5 6 7 .  1 4
0 . 7 0 0 6 1 7 .  7 8 C
0 . 7 5 0 6 8 8 .  6 7 [ #  :+:>*:*
0 . 8 0 0 6 9 8 .  8 0 ■ [
0 . 8 5 0 2 7 3 .  4 4 C
0 . 9 0 0 9 1 .  1 5 Z *
- 0 . 9 5 0 1 0 .  1 3 z
2  3  4  5
—0---------0 --------0 --------0
Q
0  - 0 -
10
-0
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- "  ' v • ■■
A 3 . ^ 2
SAMPLE ID : V V - 1 1 3  , 7 / 1 0 / 7 7
DATA COLLECTION FOR 882 PARTICLES
MAX. DIAM. = 91. 641 UM MIN. DIAM. = 0. 900 UM
PARTICLES/FRAME: MEAN= 176.400 STAND. DEV. = 88.988
PART CHEMICAL AVERAGE DIAMETER MIN/MAX MAXIMUM DIAMETER
TVPE NAME MEAN SIGMA MEAN SIGMA MEAN SIGMA
< UM > <UM> <UM> <UM>
RLL TVPES ' 18. 22 S. 24 0. 48 0. 286 24. 33 - 11. 50
AVERAGE DIAMETER <UM> DISTRIBUTION
CLASS CLASS 0 - 1 2 3 4 5 6 7 8 9  10
LIMIT NO. 5i —---- 0---- 0-----0-----0-----0---- 0-----0-----0-----0-----0
2. 50 - 0 0. 00 E
4. 00 6 0. 68 E
6. 30 44 4. 99 E **
10. 00 103 11. 68 Z
16. 00 224 25. 48
25. 00 312 35. 37 E :+;* ;* J+:+ if: if:
40. 00 184 20. 86 E J+< *+•+; •+ *
63. 00 9 1. 62 z *
FOR ALL TVPES
MIN/MAX DIAMETER DISTRIBUTION
CLASS CLASS 0 1 2 3 4 5 6 7 ' 8 9  10
LIMIT NO. y .   C  0---- 0-----0-----0---- 0-----0-----0-----0-----0
0. 050 46 . 5. 22 E
0. 100 118 13. 38
0. 150 63 7. 14 £ ****
0. 200 18 2. 04 e *
0. 250 17 1. 93 E *
0. 300 19 2. 15 Z*
0. 350 21 2. 38 z *
0. 400 16 i . 81 c*
0. 450 42 4. 76 E **
0. 500 15 1. 70 E*
0. 550 51 5. 78 E
0. 600 60 6. 80 E
0. 650 40 4. 54 E +*
0. 700 72 8. 16 E
0. 750 85 9. 64 E
0. 800 100 11. 34 E + + *+**■
0. 850 56 6. 35 E +*+
0. 900 43 4. 88 E *+
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f A 3 . ^ 3
SAMPLE ID : Y V -1 2 2  7X 1C V 77
D ATA C O L L E C T I O N  F O R  1 2 6 2  P A R T I C L E S  
MAX. D IA M . =  1 1 2 .  6 9 3  UM M IN . D IAM . =  0 .  9 0 0  UM
P A R T I C L E S / F R A M E :  M EAN= 2 5 2 . 6 0 0  S T A N D . DEV. =  0 . ' 0 0 0
P A R T  C H E M IC A L  
T V P E  NAME
A L L  T V P E S
A VE RA G E  D IA M E T E R  M IN /M A X  
MEAN S IG M R  MEAN S IG M A
a i M >  <UM>
1 4 .  4 5  S .  4 3  8 .  3 9  0 .  2 3 2
MAXIMUM D IA M E T E R  
MEAN S IG M A  
‘ < UM > <UM>
2 1 .  9 9  1 2 .  3 5
FOR ALL T V P E S  
A VE RA G E  D IA M E T E R  <UM> D I S T R I B U T I O N
C L A S S  . C L A S S  0  1
L I M I T  NO. X -------------O
2 .  5 0  0  0 .  0 0  E
4 .  0 G  2 8  2 .  2 2  E *
6 . 3 0  1 3 3  1 0 .  5 3  E * * * * *
1 0 .  0 0  3 0 9  2 4 .  47" E * * * * * * * * * * *
1 6 .  0 0  3 8 2  3 0 .  2 5  E * * * * * * * * * * *
2 5 .  0 0  2 5 8  1 9 .  7 9  E * * * * * * * * * *
4 0 .  0 0  1 4 5  1 1 .  4 8  E * * * * * *
6 3 .  0 0  1 6  1 .  2 7  C ■*







9  1 0
 0  0
FOR ALL T V P E S  
M IN /M A X  D IA M E T E R  D I S T R I B U T I O N
CLAS rO CLASS 0 1
LIMIT NO. V ------0
0. 050 35 2. 85 E*
0. 100 101 8. 00 [ ****
0. 150 ’ 106 3. 3:9 e ****
0. 200 91 7. 21 c ****
0. 250 83 6. 97 e ***
0. 3:00 109 8. 63 E ****
0. 350 6fc! 5.. 38 E ***
0. 400 90 7. 13 [ ****
0. 450 93 7. 36 E ****
0. 500 44 3. 48 E **
0. 550 67 5. 30 E ***
0. 600 73 6. 18 E ***
0. 650 49 3. 83 E **
0. 700 71 5. 62 e ***
0. 758 79 6. 25 e ***
0. 300 52 4. 12 E **
0. 350 25 1. 93 E*
0. 900 15 1. 19 E *
0. 959 1 0. 08 E





3  9  1 0
-0---------- 0-------- 0
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A 3 . ^
SAMPLE ID : Y Y -1 2 2 ' *
DATA COLLECTION FOR 1 4 0 9  PA R TIC LES
MAX. DIAM. = 7 8 .  4 8 6  UM MIN. DIAM. =
7 / 1 0 / 7 7
0. 900 UM




AVERAGE DIRMETER MIN/MAX MAXIMUM DIAMETER
- MEAN SIGMA MEAN SIGMA M E A N ’ SIGMA.
<UM> <UM> ’ <UM> < UMX
11. 52 4. 44 0. 47 0. 240 ‘ 15. 55 6. 27
FOR ALL'TYPES 
AVERAGE DIAMETER <UM> DISTRIBUTION
CLAbb CLAbS 0 1 2 3 4 5
LIMIT NO. X  0-----0-----0-----0-----0-
1. 60 0 0. 00 I
2. 50 1 0. 07 C
4. 00 17 1. 21 E +
6. 20 140 9. 94 C
10. 00 406 28. 81 E +
16. 00 640 : 45. 42 [
25. >00 199 14. 12 E *******
40. 00 5 0. 25 C




—  0---------------------0 '
10
-0





0 . 100 
0. 150 
0 . '  200 
0. 250 
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, A3.45
A






SRMPLE ID : V V -1 2 4
DRTR COLLECTION FOR 9 5 4  PA R TIC LES
MAX. DIRM. = 6 6 . 4 1 1  UM MIN. DIAM.' =
6 / 1 0 / 7 7
0. 900 UM 
STRND. DEV. =
AVERAGE DIRMETER MIN/MAX
MERN SIGMA MEAN SIGMR
<UM> <UM>





20. 81 7. 90
FOR RLL TVPES 
AVERAGE DIAMETER <UM> DISTRIBUTION
CLASS CLASS
:m i t NO. • "i
2. 50 0 0. 00
4. 00 Q 0. 94
6. 39 49 5. 14
10.. 00 129 13. 52
16. 00 260 27. 25
25. 00 441 46. 23
40. 00 • 65 6. 81
63. 00 1 0. 10
FOR ALL TVt
0 1 2 3 4 5






E +• + +
 0  0 —
S 9 . ’•10
— 0 --------8 ------0
MIN/MAX DIRMETER DISTRIBUTION
CLASS CLASS 0 1
LIMIT NO. y ------0---
0. 050 18 1. 89 CM:
0. 100 S3 8. 70 E
0. 150 54 5. 66 E *++
0. 200 22 2. 31 E *
9. 250 25 2. 62 E *
0. 300 99 2. 31 C*
0. 350 17 1. 78 E*
0. 400 29 3. 04 E +*
0. 450 40 4. 19 E **
0. 500 36 3. 77 E
8. 556 48 5. 03 E *+*
0. 600 69 7. 23 E vH***
0. 650 48 5. 03 E ***
0. 700 102 10. 69 E 4:++ + *
0. 750 137 14. S6 E
0. 800 112 11. 74 C ***>*:**
0. 850 58 6. 08 E •+++
0. 900 29 3. 04 E **
• 8. 950 cr 0. 52 E





• 8 9 10
 0-------- 0------0
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A3'. 4 6
SAMPLE ID : V Y -1 2 5
DATA COLLECTION FOR 8 7 ?  PA R TIC LES
MA X . D I A M.  = 7 2 . 0 8 0  UM MIN. DIAM. =






MEAN= 175. 800 STAND. DEV. = 81. 445
AVERAGE DIAMETER MIN/MAX 
MEAN SIGMA MEAN SIGMA
.CUM) CUM)




22. 97 10. 68
FOR ALL TYPES 
AVERAGE DIAMETER CUM) DISTRIBUTION
CLASS CLASS 0 1  2 3 4 5 6 7 S 9 10
LIMIT NO. y . ---------0 ------- 0-------0 ------- 0------- 0 - ----- 0 -------0 ------- 0 ------- 0 ------- 0
2. 50 0 0. 0F?.- E
4. 00 15 1. 71 e *
6. 30 •51 5. 80 e +**
10. 00 140 15. 93 £ if:*******
16. 00 259 29. 47
25. 00 257 29. 24 E .•+!:+:*.+■.•*:+<*.+• i+i.-f:
40. 00 150 17. 06 £ I*********
63. 00 ■ \ 0. 80 E
FOR RLL TYPES 
MIN/MAX DIAMETER DISTRIBUTION
CLASS CLASS 0 1 2 3 4 5 6 7 8 9  10
LIMIT NO. X  ------0-----0-----0-----0-----0-----0-----0-----0 -----0-----0
0. 05G 33 3. 75 E *+
0, 100 76 8. 65 E
0. 150 58 6. 60 e
0. 200 35 3. 98 E
0. 250 28 3 . 19 E
0. 300 37 4. 21 E **
0. 350 35 98 E **
0. 400 53 6. 03 E ***
0. 450 56 6. 37 C
0. 500 19 2. 16 E *
0. 550 55 6. 26 E
0. 600 72 O,•w»‘19 E
0. 650 44 5. 01 E
8. 700 61 6. 94 E
0. 750 65 7. 39 E ++**
0. 800 73 8. 30 E **** k _
0/850 45 5. 12 E sit**
0. 900 31 2 53 E **
0. 950 0. 34 E
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A3 A ?
A
SAMPLE ID : V Y - 1 2 6  6 / 1 0 / 7 7
DftTfl COLLECTION FOR 883 PARTICLES 
MAX. DIAM. = 80. 499 UM MIN. DIAM. = 0. 900 UM
f
PARTICLES/pRAME: MEAN= 176. 680 STAND. DEV. = 83.120
PART CHEMICAL AVERAGE DIAMETER MIN/MAX MAXIMUM DIAMETER
TYPE '' NAME MEAN SIGMA MEAN SIGMR MEAN SIGMA
<UM> CUM) 'a <UM> <UM>
ALL TVPES 15. 27 7. 26 0. 41 0. 259 21. 77 9. 58
t
FOR ALL TVPES
AVERAGE DIAMETER <UM>■ DISTRIBUTION
CLASS CLRSS 0 1 2  3 4 5
LIMIT NO. V ------0-----0-----0-----0- --- 0
2. 50 0 0. 00 E
4. 00 12 1. 36 C*
6. 30 55 6. 23 e ***•
10. 00 152 17. 21 £ If!if:**
16. 00 317 35. 98
25. 08 240 27. IS £ I***** if;
\40. 00 105 11. 89 E
63. 08 2 8. 23 E
10
FOR ALL TVPES 
MIN/MAX DIAMETER DISTRIBUTION
CLASS CLASS 0 1
LIMIT NO. s . ------0-
0. 050 39 4. 42 E +■*
0. 100 101 11. 44 E
0. 150 89 10. 08 E
0. 200 39 4. 42 E **=
0. 250 44 4. 98 E +*
0. 300 52 5. 89 E :+< + +
0. 350 36 4. 88 E * *
0. 400 48 5. 44 E * * +
0. 458 49 5 . 55 E
0. 500 25 2. 83 E *
0. 550 37 4. 19 E w -
0. 600 53 6. 00 E
0. 650 43 4. 87 E +
0. 700 6 7 7. 59 E # * * *
0. 750 63 7. 13 E * * * :+ :
0. 800 60 ID. 80 E * + *
8. 850 28 ~y 17 E
0. 900 9 1.02 E +
0. 950 1 0. 11 E
2 3 4 5 6 7 S 9  10
“0 ————0 —— 0 — —0------- 0  0  0 -------0-*~——0
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A p p e n d i x  4 The R e s u l t s  o f  R e s id u a l  Mg C o n te n t ,  
N odu le  C o u n t, N o d u la r i t y  an d  'Nodu- 
l a r i z a t i o n  In d e x .
























H o ld in g
Time
(m in)
N odule  
C ount 
(No./m m 2 )
N o d u la r i t y  N o d u la r i z a -  R e s id u a l  
t i o n  In d e x  
£ r e l a t i v e ( n o r m a l i z e d )
AID (F *) 4 /4 1500 0 400 100 Z7500  ( 6 9 ) 0 .0 8 6
A l l  (F *) ' 4 /4 1500 5 379 95 24226  ( 6 1 ) . 0 .0 3 8
A12 (F * ) 4 /4 1500 10 292 60 - 9721 (2 4 )  0 .0 0 3
A13 (F*) 4 /4 1500 15 0 0 0 ( 0 ) 0 .0 0 1
A20 (F *) 4 /4 14?0 0 450 85 26168  ( 6 6 ) 0 .1 0 2
, A21 (F *) 4 /4 14?0 • 5. 311 75 16461  (4 1 ) 0 .0 2 6
A22 (F*) 4 / 4 1470 10 280 70 13244  {3 3 ) 0 .0 0 2
A24 (F*) 4 /4 • 1470 20 334 , 50 9342 ( 2 3 ) 0 .0 0 2
A 3 0 -(F * ) 4 /4 1400 0 637 90 39870  (1 0 0 ) 0 .0 5 9
A31 (F*) 4 /4 1400 5 361 60 14866  ( 3 7 ) 0 .0 0 3
A32 (F*) 4 /4 1400 10 305 70 13454  ( 3 4 ) • 0 .0 0 2
A33 (F*) 4 /4 1400 15. 253 75 12589  ( 3 2 ) 0 .0 1 1
A p p en d ix  4 .  The R e s u l t s  o f  R e s id u a l  Mg C o n te n t ,  N o d u le  C o u n t, 
N o d u la r i t y  and  N o d u l a r i z a t i o n  In d e x .
(L eg en d j F : F o rd  m a t e r i a l ;  H: H anna m a t e r i a l ;  B; B e n d ix  m a t e r i a l  





















S a m p le ' FeSiM g A d d i t io n s  Temp.
N o. /B a C l2
 _____________ (gm) (gm)________ (G)
A34 (F») 4/4 - 1400
A40 (F*) 4/4 - 1350
441 (F*) 4/4 - 1350
A43 (F») /I), - 1350
a45 (F*) 4/4 - 1350
,Y0 (F*) hr/hr 0.4 MgO 1370
M6 (F*) ' 4/4 0.4 MgO 1450
F10 (F*) 4/4 0.4 MgO 1500
Fll (F#) 0 /0 - 1500
F12 (F*) o/o - 1500
FI3 (F*). .. o/o - 1500
AMll(F*) 4/4 0.4 MgO ■ 1500
AM12(F*) 4/4 0.4 MgO 1500
HMl4(F*) . 4/4 0.4 MgO • 1500
Xl (F*) 4/4 0.4 MgO 1550
H o ld in g  N o d u le  N o d u la r i t y  N o d u la r i z a -  R e s id u a l  
Tim e C ount t i o n  In d e x  Mg#
(m in ) (No,/nun ) ' % r e l a t i v e  ( n o r m a l iz e d )
20 351. 75 18368 (46) 0 .0 0 3
0 504 85 30578 (7 7) 0.140
5 499 70 21232 (5 3 ). 0 .0 1 3
15 391 75 17595 (44) 0 .0 0 7
30 240 70 10798 (27) 0 .0 1 2
20 - - - 0 .0 0 5
20 - - - 0760$




7 - 1 - 0.023
15 - - - O.OO9
5 - - - 0 .0 2 0
10 - - I o .o d i
20 ' - - - 0 .0 0 2
















•d 3 fd o o o 










C"- Csl M3 CO -T VY VO r d o CM o VO VO o dh CM -3-o  o CM o o CM 1—1 rH CO rH o o VO H o oo  o o o o O H O o O o o o o o o• • • • • • • mw/ • • • • • ft • ft
O  d Or o o o o O o o o o o o o o o
O
CM








































































v o  s >rH H rH rH rd rd 1—1 S rd rd rd rd
T * $





\ -=3- -3* 3̂-E  *- s S s
CM rd rd . rd
C < c <5
x—.




O rd CO 3̂-
CM rd rH rH CM ■d- rd I—1 rd rd
3= 3= Pd Ph PH Pd CO CO CO CO
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FeSiM g I n o c u -  S la g  /gm  
-2/B a C l0 l a n t
(gm) (gm)
YY43 (F**) 4/4 - ■ 1-2/4
YY46 (F**) 4/4 - 1-2/4
YY55 (F**) 4/4 - 1-2/4
YY12 (F**) 4/4 - 1-2/^
YY7 (F**) 4/4 - 1-2/4
(F*) 4/4 - ■ I-3A  ’
YY2 (F*). 0/0 - ■ 1 1 /4
YY4 (F*) 4/4 - 1 1 /4
YY13 (F*) 4/4 - 1 1 /4
YY20 (F*) 4/4 - 11/4
YY48 (F**) 4/4 - 11/4
YY56 (F#*) 4/4 - 11/4
YY60 (F**) 4/4 - 11/4 ■
YY62 (F**) 4/4 1 II-2/4
tfemp. H o ld in g  Nodule'*' N o d u l-  N o d u la r i z a -  R e s id u a l
Tim e C oun t a r i t y  t i o n  In d e x  Mg#o
(C) (m in ) . (N o ./mm ) #  r e l a t i v e  (n o rm a l i ze d . )
1500  20 345 80 1 6 9 8 4 (4 3 )  ‘O.O35
1500 ’ 20 ' 211 , 80 1 1 2 2 1 (2 8 )  0 .0 4 2
1500 20 264 65 1 0 3 9 1 (2 6 )  O.0 6 0
1500 20 -* 0 .0 1 8  
1500  20 -  -  0 .0 1 5
1500  20 -  -  -  . 0 .0 2 1
1500  10  -  -  ' -  0 . 0 0 ?
1500  20 -  -  0 .0 0 8
1500 - 2 0  -  -  -  0 .0 0 6
1500 20 -  -  -  0 .0 2 8
1500 20 -  -  -  0 .0 8 2
1500  20 -  -  , -  ■ 0 .0 0 9  
1550  20  -  -  O.0 3 8  '
1550  20 -  -  -  0 .0 4 0
•1
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Sample ■FeSiMg Inocu- • Slag /gm Temp. Holding Nodule Nodul­ Nodulariza- Residual
No. /BaCl2 lant • Time Count arity tion Index Mg#
(gm)- (gm) (C) (rain) (No./mm̂ ) #. relative(normalized)
YY74 (F**) 0/0 - 11- 3 A 1500 20 - - - 0.001
YY75 (F**) 4/4' 1 II-3A 1500 0 5*1 95 . 34500(8?) 0.100
YY76 (F*f) ' 4/4 1 11- 3 A 1500 5 *12 80 22516(56) 0.085
YY77 (P**) 4/4 1 II-3A 1500 15 417 95 26484(66) 0.082




b/b 1 II-3A 1500 20 - - ' .0.040
8 A 2 11-3 A 1500 20 - - - 0 .0 0 5
YY86 (H**) 4/4 1 II-3A 1500 20 429 80 22450(56) 0 .0 6 6
YY89 (H**) 4/4 1 II-3A 1500 20 447 90 27786(70) 0 .0 9 2
YY80 (B**) 4/4 1 ii-3A 1 5 0 0, 20 - - - 0 .0 0 1
YY90 (F**) 4/4 1 1 1 -3 A 1500 20 365 85 20466(51) 0 .1 9 8
YY92 (F*) b/b 1 1 1 -3 A 1500 20 470 90 ,  28501(71) 0 .2 2 0
YYll4(H**) b/b 1 1 1 -3 A  ■ 1500 20 - - - <0 .0 0 1
YY122(F**) b/b. - 1 1 -3 A 1500 20 516 • 60 17854(45) 0 .0 0 5
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YY108 (F**) 4/4 1 II-10/4
YY126 (F#*) 4 / 4 - II-10/4
YY110 (F**) 4/4 1 I1-13A
YY111 (F**) 4/4 1 II-i.4/4
• YY112 (F»*) 4/4 1 II-15/4
YY113 (F**) 4/4 1 II-16/4
YY123 (p**) 4/4 - II-16/4
YY115 (F**) 4/4 1 II-17/4
YY116 (F#*) 4/4 1 I1-18/4
YY118 (F**) 0 /0 - II-18/4
YY117 (F**) 4/0 (4 gm CaCl2)
II-19/4
YY127 (F**) 4/4 - I1-20/4
YY128 (F**) 4/4 II-20/4
Temp. H o ld in g  N odu le  N o d u l-  N o d u la r i z a -  R e s id u a l  
Time C ount a r i t y  t i o n  In d e x  Mg&
(C) (m in ) (No./mm ) % r e l a t i v e ( n o r m a l i z e d )
1500  20 320  80  1 6 8 5 8 (^ 2 ) O.O38
1500  20  '3 6 O 65 14717  ( 3 7 ) 0 .0 2 8
1500  20  -  -  0 .0 0 5
1500  20  -  -  -  0 .0 1 3  
1500  20  -  -  ' 0 .0 1 1  
1500  20  360  85 2 0 6 9 6 ( 5 2 )  0 .0 5 5
1500  20 575  80  3 1 9 8 7 ( 8 0 ) 0 .0 3 6
1500  20  . -  -  -  <:0 .0 0 1
1500  20  -  -  < 0 ‘.0 0 1  
1500  20  -  -  0 .0 0 1
1500  20 -  '0 .0 0 4
1500  20  . -  -  0 .0 1 3  
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